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ABSTRACT 
 
 Yttrium-based inorganic optical materials generally are of practical interest for three 
applications: solid state lighting/displays, lasers, and scintillators.  Solid-state lighting is 
particularly desirable commercially for its efficiency and lifetime compared to traditional 
incandescent alternatives.  This type of lighting technology is of increasing interest as 
incandescent light bulbs are being gradually phased-out due to government regulations on 
maximum wattage of these devices.  Additionally, shortcomings in the current state of the art 
have driven the need for a more thermally stable material for use in this area.  In this 
dissertation, we develop and characterize a novel composite material consisting of optically 
active yttrium-based nanoparticles doped into silica sol-gels.  For lighting and display 
applications, low-cost, low-temperature synthesis methods for materials that meet or exceed 
the quality of the materials currently on the market are highly desirable.   
During the course of this work, we discuss the characterization of yttrium-based 
nanoparticles with respect to their incorporation in a sol-gel matrix composite.  We then 
prepared these composite materials using a variety of methods and assess their quality 
according to a set of selection criteria and for lighting/display applications.   
Novel light-emitting composites consisting of Ce:YAG or Eu:Y2O3 (yttria) 
nanoparticles in an inorganic medium were successfully developed and characterized.  The 
optical properties of the nanoparticles were maintained when incorporated into the sol-gel 
medium and were shown to be comparable with the current state of the art.  Comparison 
was made between the nanoparticle emission and the composite emission and, in the case of 
the Ce:YAG, the CIE coordinates, showing no change between the emission intensities or 
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peak locations.  We successfully demonstrated the conversion of fluoride-based particles into 
Y2O3 during sol-gel processing and demonstrated that no reaction took place between the 
nanoparticles and the sol-gel medium.  Stability of nanoparticles in suspension was 
overcome through the control of pH during sol-gel synthesis.  Through both base- and/or 
acid-catalysis, we produced optically active nanoparticle doped sol-gel composites containing 
YAG and Yttria.  Our results indicated no detrimental effect on the nanoparticles upon 
incorporation into the sol-gel matrix; this was demonstrated through XRD, where no silicate 
phases were observed, through EDX, where we saw no diffusion of yttrium into the sol-gel 
and no silicon diffusing into the nanoparticles, and through photoluminescence, where 
emissions were consistent with that of the as-made nanoparticles.  These results led us to 
theorize that the nanoparticles, rather than being bonded to the matrix, are seated in the void 
space that is prevalent in sol-gel systems.  Additionally, these materials are stable at much 
higher temperatures than current resin-based systems.   
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CHAPTER 1 
YTTRIUM-BASED NANOPARTICLES AND COMPOSITES FOR OPTICAL 
APPLICATIONS 
 
1.1 Photoluminescence and Optical Materials  
 The phenomenon of luminescence has been studied for well over a century.  The 
term was first introduced in 1888 by Wiedemann to describe the phenomenon of 
spontaneous light emission by a material. [1.1-2]  Photoluminescence arises when light is 
absorbed by a material and reradiates at lower energies through specific electronic transitions 
that are characteristic of the specific light-emitting dopants. [1.1, 1.3]  As our understanding 
of optical processes has progressed, our ability to control chemistry and, subsequently, the 
operating wavelengths of the materials has given way to a broad range of applications.  In 
the case of this study, we will develop and characterize a novel composite material consisting 
of optically active yttrium-based nanoparticle doped silica sol-gel.  Yttrium-based materials, 
which will be discussed at-length in Section 1.3, have been used primarily in three 
applications: lasers, scintillators, and lighting/displays. [1.5-32]  As we will discuss below, 
yttrium based laser materials have been well studied.  In this application, single crystals and 
transparent ceramics are most commonly used.  As both technologies are well-developed, 
there is little motivation in the laser field for the type of material that we intend to study.  It 
is not expected that our new materials will have high doping and low scattering on the same 
level as currently used materials.  Scintillator applications, on the other hand, have plenty of 
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room for improvement, particularly in terms of brightness; however, this application requires 
a high sensitivity and a high light output, which is unlikely to be improved by the materials 
we propose to make.  For lighting and display applications, low-cost, low-temperature 
synthesis methods for materials that meet or exceed the quality of the materials currently on 
the market are highly desirable.  During the course of this work, we will discuss the 
characterization of yttrium-based nanoparticles with respect to their incorporation in a sol-
gel matrix composite.  We will then prepare these composite materials using a variety of 
methods and assess their quality according to a set of selection criteria.  Although we will 
briefly discuss all three of the applications available for our compositions, the majority of our 
focus will be on materials for lighting and display technology.  
 
1.2 Optical Applications of Yttrium-Based Materials 
 As mentioned, yttrium-based materials are commonly used in such applications as 
lighting and displays.  A well-known example, though less frequently used since the advent 
of flat-screen televisions and monitors, is the cathode ray tube. [1.33-34] In a cathode ray 
tube (CRT), a cathode emits three electron beams, which are focused by a series of lenses 
and accelerated until they hit a phosphor screen, as depicted in Figure 1.1. [1.33]   
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Figure 1.1: Image depicting the basic process behind the function of cathode ray tubes. 
Figure from Reference 1.33. 
 
When displaying a complex image, each color within the image is created by a combination 
of three colors (red, green, and blue) according to the Young-Helmholtz theory of 
trichromatic color vision. [1.35]  Young theorized in 1801 that human vision is limited to 
three photoreceptors, each capable of interpreting a single color.  In the 1852, Helmholtz, 
revived the theory and expanded on it, developing what he called spectral sensitivity curves, 
which are similar to the modern standard observer curves which will be discussed further in 
Chapter 3. [1.35]  Now, we use flat panel displays of all types employing a very similar 
concept to traditional CRTs with a combination of white phosphors and filters. [1.33]  In 
1962, Holonyak and Bevacqua reported the first visible wavelength light emitting diode 
(LED), GaAsP, which emitted in the red at 710 nm. [1.36]  This LED was produced 
commercially by General Electric, though high manufacturing costs were prohibitive. [1.37]  
Eventually, the Monsanto Corporation was able to develop a low-cost version and mass-
produced GaAsP LEDs starting in 1968.  Affordable red LEDs drove the search for other 
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color emissions, giving us the broad spectrum of materials available for use today, a good 
number of which are gallium-based.  Although the majority of these materials are 
semiconductors and not rare earth based, white light systems employ the use of the 
semiconductor LED and a rare earth doped material, as we will discuss later.   
A p-n junction is the functional basis for the LED. [1.38-39]  The p-type material  is 
generally formed on some sort of substrate such as a silicon wafer, with the substrate acting 
as the n-type material.  With the addition of the dopant, free electrons or holes are formed.  
When the current flows from p-to-n across the junction between the two, electron-hole 
recombination occurs and photons are produced at a wavelength specific to the material.   
 
Figure 1.2: Illustration of the charge flow across a p-n junction as occurs within an LED. 
Image from Reference 1.40. 
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Figure 1.3: Illustration of basic LED design. Image from Reference 1.38. 
 LEDs, like most technologies, have advantages and disadvantages when it comes to 
their use.  Because each diode acts as a unit (see Figure 1.3), they can be arranged in a variety 
of shapes and configurations, and the color of each diode can be selected individually. [1.41]  
Their fast response time and stability during cycling has made LEDs good candidates in 
applications such as automotive brake lights, where an increased response time can provide a 
safer environment. [1.42]   
In addition to more technical applications, LEDs have been used in art installations 
as well, as shown in Figure 1.4.  In the case of Crown Fountain, blue, red, and yellow LEDs 
were used to display a video image through glass bricks to create an interactive installation. 
[1.43]  Although a great degree of versatility for this technology has been demonstrated, 
LEDs are also limited in their ability to illuminate a space, requiring a large grouping of 
diodes for that purpose. [1.41]   
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Figure 1.4: Crown Fountain in Chicago.  Photo courtesy of Laura Hill. 
 Similar to traditional LEDs is the white light emitting diode (WLED).  WLEDs are 
useful in many of the same applications as traditional LEDs, often used for solid-state 
lighting and as backlighting in LCD televisions. [1.14]  Solid-state lighting is of great interest 
commercially for its efficiency and lifetime compared to traditional incandescent options.  
This type of lighting technology is of increasing interest as incandescent light bulbs are being 
gradually phased out due to government regulations on maximum wattage of these devices. 
[1.44]  The overall energy savings associated with use gives solid-state lighting options great 
appeal.  Additionally, LED bulbs have nearly 50 times the lifetime of traditional bulbs.  The 
lifetime of commercial LED bulbs ranges from 10,000 to nearly 100,000 hours, as compared 
to the approximately 1200 hours for an incandescent bulb. [1.45]  Using LED technology, 
white light can be produced through a variety of means.  White light sources can be 
dichromatic, trichromatic, or even tetrachromatic, depending on the number of single-color 
sources combined within the white light source. [1.39]  These different sources are selected 
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based on a need for high luminous efficiency balanced with a need for good color-rendering 
capabilities.  Dichromatic sources generally have a high luminous efficiency, but the lowest 
color-rendering of the three sources, making it a good choice for signage and outdoor 
lighting applications.  Our discussion will focus on dichromatic sources, which can either 
consist of one blue and one yellow LED, or by combining a blue LED with another material 
which emits yellow under blue excitation, as shown in Figure 1.5. [1.14, 1.39, 1.46-47]   
 
      
Figure 1.5: Illustration of the two forms of dichromatic WLED sources.  On the left, one 
blue and one yellow LED are used to produce white light.  On the right, the blue LED 
excites the yellow phosphor to produce a white light combination.  Figure adapted from 
Reference 1.39.  
 
In the second case, the yellow emission, when combined with the transmitted blue 
wavelength, results in a white color.  Currently available WLEDs of this variety are produced 
using a yellow-emitting phosphor (often Ce:YAG) embedded in an organic resin which 
becomes discolored as it is exposed to the heat produced by the LED. [1.46]  This 
discoloration has a considerable effect on the efficiency and lifetime of the device.  This 
shortcoming has led to the investigation of other means of producing WLEDs that are more 
thermally stable, particularly the use of transparent ceramic Ce:YAG (Y3Al5O12).   
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As discussed, there are both advantages and limitations to the current state of the art 
in lighting/displays.  There is most certainly a need for the technology, especially given the 
current focus on low-energy lighting.  Considering the specific example of household 
lighting, there is certainly a need for low-cost production methods.  At the same time, the 
current WLED technology described is limited by the lifetime of the organic resin used.  We 
aim to overcome this limitation with a composite material that provides the same optical 
qualities with an extended lifetime, all while using basic laboratory methods for a simple 
process.   
 Along with LEDs and WLEDs, another application of optically active yttrium-based 
materials is as a solid state laser medium.  The first reported solid-state (visible) laser was the 
ruby (Cr:Al2O3) laser first described by Maiman in 1960. [1.48-50]  The term laser is an 
acronym that truly defines the phenomenon: light amplification by stimulated emission of 
radiation. [1.2]  In the development of materials for laser applications, high efficiency and 
high brightness are desirable as well as mechanical strength, chemical stability, and thermal 
conductivity (particularly desirable for high-energy lasers).  Single crystals dominated the 
field up until recent years, primarily due to the optical quality that is obtainable via this 
method.  The absence of grain boundaries is a key feature of single crystals, eliminating a 
common source of loss due to scattering. [1.50]  Single crystals, however, have their 
drawbacks as well as their advantages.  Yttrium-based materials were particularly difficult to 
produce as single crystals, particularly as large crystals, due to their high melt temperatures 
(1950ºC for YAG and nearly 2500ºC for Y2O3). [1.17, 1.50-51]  The issues associated with 
forming YAG single-crystals have more recently been overcome with methods that allow 
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crystal growth at 900ºC. [1.52]  The ceramic materials introduced into the field in the 1990s 
provide a greater control of shape, particularly complex geometries. [1.16-17, 1.50]  
Additionally, they allow larger and faster production, high levels of active-ion doping, and 
composition control.  Just as with single crystals, transparent ceramics also have drawbacks.  
Grain boundaries and porosity, though not the only source, cause a great deal of loss due to 
scattering, as shown in Figure 1.6. [1.50]   These issues can be overcome with good packing, 
processing, and with smaller grains and powders.  Of particular interest, these transparent 
ceramics allowed the use of different and complex compositions that were previously 
unattainable via the melt-growth process. [1.17, 1.50]  Given their different advantages and 
disadvantages, it can be said that the choice between single crystals and ceramics is very 
specific to certain applications and their needs.   
 
Figure1.6: Illustration of the sources of scattering in a polycrystalline material: 1) grain 
boundary, 2) porosity, 3) secondary phase, 4) refraction, 5) inclusion, and 6) surface 
roughness.  Figure adapted from Reference 1.50. 
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 As early as 1964, yttrium-based single-crystalline lasers were reported, particularly 
room-temperature operating Nd:YAG. [1.50]  Nd:YAG has since become one of the most 
common laser media compositions.  In the 1990s, Ikesue, et al., reported the first high 
efficiency polycrystalline Nd:YAG laser, making ceramic laser materials commercially 
attractive. [1.16-17, 1.50]  Yttrium-based materials are particularly desirable for laser 
applications because of their mechanical strength, chemical stability, and their high thermal 
conductivity. [1.17]  Additionally, YAG is of interest due to its broad emission cross-section. 
[1.17]  As discussed earlier, scattering is of great concern with laser materials.  Although they 
could have potential in this application further down the road, we have chosen not to make 
lasers our primary focus with respect to the novel composite materials we have developed 
within this work because of the high potential for scattering loss.   
The third focus of yttrium-based materials that we wish to consider is radiation 
detection via scintillation.  Scintillators were developed for particle detection in the 1940s. 
[1.53-56]  Most simply defined, scintillation is the energy loss of radiation traveling through 
the scintillator medium. [1.57-61]  More technically, scintillation can be defined as 
luminescence induced by ionizing radiation in transparent dielectric media.  It is important to 
differentiate scintillation from luminescence, which is the radiation of a material as a result of 
direct excitation by light.  Scintillation is a three-step process: hole-pair creation, 
thermalization, and recombination. [1.57-58]  First, incident radiation releases energy by 
forming electron/hole pairs.  Next, hole-pair interaction leads to excitation transfer to 
luminescent centers.  Finally, recombination leads to relaxation and emission (or quenching).  
This process is illustrated in Figure 1.7.   
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Figure 1.7: Illustration of the three steps of the scintillation process (from left to right).  
Figure from Reference 1.75. 
 
In order for a material to be a good scintillator, several criteria must be met: there 
must be a luminescent center (a rare-earth dopant, in this case), and the transition must 
occur in the band gap of the material.  The scintillator material converts the energy of an 
incident particle/photon into multiple photons with lower (typically visible) wavelengths, 
which are then detected by a photomultiplier tube (PMT).  Given that high light output and 
sensitivity is a desirable characteristic of materials for this application, yttria and YAG are 
excellent candidates and have been investigated as such. [1.63-66]  In the case of this work, it 
is not expected that we will be able to achieve nanoparticle loading levels high enough to 
produce a viable scintillator material with a composite.  As such, we will not focus our 
attention on this application.   
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1.3 Yttrium-Based Materials for Optical Applications 
 Yttrium-based materials are commonly used for all three of the applications we have 
discussed.  We will now turn our attention to these yttrium-based compositions, as this study 
will focus primarily on yttria and YAG compositions.  Yttria and YAG are by no means new 
materials in the field of optics.  Both compositions have been well-studied, and their relative 
advantages and disadvantages have been documented.  The purpose of this dissertation work 
is to examine yttria and YAG in the context of a novel composite material and, as such, they 
will need to be reexamined under a specific set of criteria.   
 
Yttria (Y2O3) for Optical Applications 
Yttria (Y2O3) is commonly used for a variety of optical applications including as a 
solid-state laser host material, scintillator, lighting and display applications. [1.6, 1.9-11, 1.67-
71]  There are several qualities that make yttria a desirable material for these applications.  It 
is resistant to thermal expansion, having a thermal expansion coefficient of around 6-7x10-6 
K-1; this gives rise to its resilience in high-power laser applications. [1.68, 1.72-73]  Its high 
thermal conductivity, around 12 W/mK, is also desirable for several of these applications. 
[1.8, 1.68-69, 1.73-75]  In addition, it has a high resistance to corrosion and good 
atmospheric stability, which is desirable in both laser and lighting applications. [1.13, 1.68]  
Crystalline yttria is cubic, with space group Ia3̅. [1.72-73, 1.76-78]  Each yttrium is trivalent 
and is bonded to six oxygen atoms.  Yttria boasts a broad transparency across the visible 
range and into the infrared region, from 0.23 to 8 µm. [1.68-69]  This quality makes yttria a 
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good host material for a broad range of light-emitting trivalent lanthanide ions. [1.67, 1.72]  
For example, yttria doped with europium (Eu3+) is a well-studied material for a variety of 
applications.  Eu:Y2O3 is most commonly used as a red phosphor in solid state lighting and 
in displays of all types, including cathode ray tubes, liquid crystal displays, and plasma display 
panels, due to its high emission efficiency. [1.4. 1.8-13, 1.71]  Another lighting application 
unique to Eu:Y2O3 is as the red phosphor in three band-fluorescent lamps. [1.13, 1.15]  Small 
particles with low size distribution, and uniform morphology are advantageous for most of 
these applications because of the potential for high packing density at lower volume, good 
chemical stability, and luminescent efficiency. [1.9, 1.11, 1.13, 1.75]  During manufacture of 
traditional red phosphors for commercial use, the materials themselves are often damaged by 
the manufacturing process itself; the thermal properties of yttria are yet another reason why 
it is a good candidate for commercial red phosphors. [1.6]  Crystallographically, in Y2O3, 
Eu3+ substitutes into the site generally occupied by the yttrium ions. [1.7-8. 1.12, 1.79]  It 
emits in the 600-640 nm range, which is the emission we will examine during this work, 
particularly because of its high efficiency and because of the desirability of Eu:Y2O3 for 
lighting and display applications. [1.7]  Previous work has examined rare earth doped Y2O3 in 
a variety of forms, including powder [1.4, 1.6, 1.68, 1.74-75, 1.80-81], single crystals [1.67, 
1.69-70], transparent ceramics [1.51, 1.67, 1.72-73, 1.82-83], and more [1.5, 1.79].  In the case 
of many phosphors, powder deposition is used to create the active layer needed to produce a 
functional LED.  Bulk materials, particularly ceramics composed of nanopowders, have also 
been investigated for these applications because of the lower cost of manufacture. 
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Yttrium Aluminum Garnet (YAG) 
 YAG is a widely used material in the field of optics and, just as with yttria, has seen 
commercial use in laser, scintillator, and lighting applications. [1.16-17, 1.19-20, 1.24-25, 
1.27-28, 1.42, 1.46, 1.50, 1.64-66, 1.84-90]  In laser applications, YAG has been well studied, 
particularly Nd:YAG, which has been used widely in single crystal form since the 1960s. 
[1.16-18, 1.50, 1.85]  Transparent ceramic YAG materials, developed due to limitations with 
the growth of single crystals, became commercially viable in the 1990s. [1.50]  YAG is of 
interest for laser applications for the reasons discussed previously. Particularly, it has low 
thermal expansion and a high thermal conductivity, making it thermally stable and, therefore, 
desirable for high-power devices. [1.17, 1.63, 1.85, 1.91]  As a scintillator, YAG is of interest 
for its chemical stability, high light yield, and short decay time. [1.63-66, 1.88, 1.92]  Ce:YAG 
is used commercially for radiation detection in medical applications. [1.88]  In the case of 
lighting, YAG is uniquely suited for use as a WLED, as doping with Ce ions yields yellow 
emission when excited under blue wavelengths. [1.28, 1.46, 1.86-87, 1.89, 1.93-94]   
Based on these applications and the characteristics of YAG presented, we have 
selected two compositions to examine more closely.  First, we will examine Ce3+-doped 
YAG, which can be applicable for scintillator and lighting.  As mentioned above, Ce:YAG is 
an excellent scintillator as it has a high light yield and a short decay time. [1.63-66]  The use 
of this composition for radiation detection has been studied thoroughly and it has been used 
commercially in positron emission tomography (PET) scanners. [1.88]  Ce:YAG is also 
common choice for commercial white light production from backlighting for displays to 
ambient lighting. [1.28, 1.42, 1.46, 1.86-87, 1.89, 1.94]  When excited at wavelengths in the 
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440 to 480 nm range, which is the operating range of GaN and InGaN LEDs, Ce:YAG 
emits in the yellow. [1.14, 1.28, 1.87, 1.94]  As described previously in this chapter, the blue 
light which is transmitted combines with the yellow emission to give the appearance of white 
color.  In commercial WLEDs, Ce:YAG phosphor is embedded in a resin which tends to 
have poor thermal stability and thus decreases the lifetime of the diode. [1.46]  The yellow 
emission by trivalent cerium is unique to the garnet structure of the YAG.  Because of the 
strong crystal field of the structure, the 5d level is distorted and splitting occurs in the 
ground state, leading to a change in the energy gap distance and thus a shift in the emission 
wavelength. [1.86-87, 1.93-94]  
 In addition to doping with Ce-ions, we also will examine Cr-doped YAG in further 
detail.  Chromium has been a part of laser technology since its use reported by Maiman in 
1960. [1.42]  YAG doped with chromium is applicable as a laser gain material. [1.19-23]  
Additionally, chromium is of interest for its broad 4+ emission in the near-infrared (1.2 µm 
to 1.6 µm), allowing tunability across that range. [1.24-27]  This operating range allows the 
use of this materials system for telecommunication applications, including pumping. [1.21] 
Chromium can exist in several valence states, from Cr2+ to Cr6+. [1.19, 1.26]  Within the 
scope of YAG, emission for several of these states has been reported, though the primary 
focus is on trivalent and tetravalent chromium in the YAG garnet structure. [1.19-21, 1.24-
27, 1.84, 1.90]  Although this will be discussed further in Chapter 3, a basic understanding of 
the structure of YAG is necessary to understand the favoring of certain valence states.  In 
simple terms, the YAG crystal, Y3Al5O12, can be given the site nomenclature A3B2C3O12, 
where A represents dodecahedral sites, B represents octahedral sites, and C represents 
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tetrahedral sites. [1.19, 1.85]  The O represents the oxygen atoms present.  Trivalent yttrium 
occupies the dodecahedral sites. [1.19]  The octahedral and tetrahedral sites are both 
occupied by Al3+.  Due to similarity in ionic radii, chromium preferentially substitutes into 
the YAG crystal structure in its trivalent form, requiring co-doping of the system with a 
divalent ion such as calcium to induce the tetravalent chromium state through charge 
compensation. [1.21, 1.84, 1.95]  Although single crystals have been the material of choice 
for laser systems for the lifetime of the technology, transparent ceramics have formed their 
own niche in the field, particularly as they provide flexibility in both composition and shape.  
[1.19-20, 1.24-27, 1.91] 
 As was mentioned briefly at the start of this chapter, not all of these applications 
need improvement.  We have already discussed some of the drawbacks of this composite in 
terms of lasers and scintillators.  Our composite approach is ideal for LED applications, as 
low-cost methods that improve on the current lifetime of the technology is a driving need.   
 
1.4 Composites and Sol-Gel Processing and Applications 
 Composite materials can be most simply defined as a polyphase structure. [1.96]  The 
properties of a composite generally depend on the proportion and the individual 
morphology of the constituent parts.  A simple example of the function of a composite 
comes in the form of fiber reinforcement: a material that would be brittle and prone to 
fracture can be reinforced with fibers that give the overall material both higher strength and 
a higher elastic modulus.  In the case of this work, our interest is in nanocomposite 
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materials, or nano-scale particles that are contained within a bulk matrix. [1.97]  There are a 
variety of ways to produce these composites.  Our aim is to produce a novel composite 
material through the direct incorporation of nanoparticles into a silica (SiO2) matrix which 
has been formed via sol-gel processing.   
Sol-gel can be defined as a sum of its two parts: sols and gels.  A sol is defined as a 
“stable suspension of colloidal solid particles within a liquid.” [1.98]  A gel is defined as a 
“porous three-dimensionally interconnected solid network that expands in a stable fashion 
throughout a liquid medium and is only limited by the size of the container.” [1.98]  From 
these definitions, sol-gel can be defined as the preparation of a suspension of solid particles 
in liquid, which then forms an interconnected solid-network.  Sol-gel processing refers, then, 
to the synthesis process rather than to the end product, however the term has been used in 
both ways.  Sol-gel can be used as a coating, cast as a monolith or thin film, spun as a fiber, 
or crushed into a powder, as well as other applications. [1.98-100]  In the case of this work, 
the material will be cast to form bulk glass materials.  We will discuss the nuances of the sol-
gel process itself in more thorough detail in Chapter 4.  Sol-gel is often selected due to its 
many desirable qualities, including the versatility of the final product.  Because the materials 
are prepared in a solution at low temperatures, the process allows more control over the 
composition and the homogeneity of the final product without expensive equipment or the 
need for high-temperature processing equipment. [1.98-100]  This quality is of particular 
interest in this case, as it allows the preparation of a glass composite containing nanoparticles 
using only conventional laboratory equipment.   
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1.5 Prior Art and the Novelty of this Work 
There are a good number of studies that examine the use of solution gelation (sol-
gel) as a means of producing a composite material.  These studies tend to fall into one of 
three categories.  First, there are those materials that have been loaded with a dopant after 
gelation has completed.  For these materials, the gelation process has completed and, often, 
the material has been dried.  The porous gel is then impregnated with the desired dopant, 
either by soaking in a solution or with an applied pressure.  In the case of Selvan, et al., an 
as-made silica sol-gel was immersed in a silver-containing solution until the bulk of the 
material was impregnated with the silver particles. [1.101]   
The second category of sol-gel based composites is the gels that contain some form 
of precursor within the initial solution.  After gelation is completed, the material is heat 
treated to induce the growth of nanostructures within the material.  This is the case in 
several reported studies of a variety of compositions, particularly fluoride-based 
compositions such as PbF2, CaF2 and KYF4. [1.5, 1.102-106]  In the case of Cannas, et al., a 
silica sol-gel was prepared containing yttrium nitrate. [1.5]  The finished gel was then heat 
treated at a variety of temperatures to precipitate yttria nanostructures, though no 
crystallinity was observed.  
The third group of composites via sol-gel involves direct addition of a dopant.  Sol-
gel containing fibrous material has been produced, though generally for mechanical 
purposes. [1.98-99]  In these cases, the fibrous material has been added as a means of 
strengthening the glassy matrix and increasing its modulus.  Organic dyes have also been 
added to a sol-gel system for optical applications. [1.107]  In another instance, a silica matrix 
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containing carbon nanotubes was prepared by DiMaio, et al. [1.108]  This study focused on 
the modification of the nonlinear optical properties of the glass itself by the incorporation of 
these nanotubes.   
To the best of our knowledge, sol-gel has not been used as a carrier mechanism for 
as-made optically active nanoparticles resulting in a nanocomposite.  This study will focus 
first on the synthesis of nanoparticles for incorporation into a sol-gel matrix.  These 
nanoparticles will then be directly incorporated into a sol-gel system prior to gelation.  As 
sol-gel is a multifaceted process, the sol-to-gel-to-glass transition will be closely monitored 
and modified as necessary to obtain a bulk nanocomposite.   
 
1.6 Motivation 
 As has been presented, there are three primary applications for yttrium-based 
materials: lasers, scintillators, and lighting and displays.  We have shown that laser 
technology is well-developed, particularly YAG lasers; thus we feel that there is no added 
motivation to further develop a novel type of composite material for this application.  In the 
case of scintillators, the high light-output necessary for detection is not likely to be improved 
by the use of a composite rather than a more densely doped ceramic material.  We have 
concluded, however, that lighting and display technologies can benefit from the 
development of a low-cost, high-emission material.  It is this application that we will direct 
our focus to for the duration of this work.   
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 In this study, we will prepare yttrium-based nanoparticles for use in a sol-gel based 
nanocomposite and will characterize them with this novel purpose in mind as will be 
discussed in Chapter 3.  Our focus on yttrium-based materials is derived from an interest in 
the unique properties that are possessed by YAG and by yttria. As we will discuss further in 
Chapter 3, the two compositions are broadly useful and are similar in their characteristics.  
The use of Eu:Y2O3 allows us to gain insight into the stability of the nanoparticle within the 
sol-gel using the ratio of emission peak intensities.  Ce:YAG particularly allows us to 
compare the current state of the art with our composite materials, as Ce:YAG phosphor is 
already used in white light generation.  Because of the novelty of the composite materials 
that will be discussed in Chapter 4, it is necessary to examine these materials with a fresh 
point-of-view; we must consider them with respect to their incorporation into sol-gel 
composites. 
We will then prepare the nanocomposites via sol-gel methods and characterize them 
according to a set of selected criteria which will be discussed further in Chapter 4.  The 
optical properties of this novel composite will be demonstrated and discussed at length.  
Additionally, we will demonstrate that these materials can be produced at a low-cost and 
using simple laboratory techniques and equipment.  It is our aim to gain an understanding of 
the interaction between the nanoparticles and the composite matrix and how the addition of 
these particles plays a role in the formation of the composite.  Finally, we will provide a 
comparison of our materials with the current state of the art.    
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CHAPTER 2 
ANALYTICAL TECHNIQUES EMPLOYED 
 
2.1 X-Ray Diffraction (XRD) 
 X-ray diffraction is a technique in which an x-ray beam is incident upon a sample. 
[2.1-2] After collecting the angularly-resolved x-rays diffracted by the sample, the intensity of 
the diffracted beam can be given as a function of the angle between the incident beam and 
the diffracted beam. Individual crystalline phases exhibit differing diffraction patterns 
(intensity as a function of angle), which are utilized to uniquely identify phases present and 
verify crystallinity of a material. It should be noted that, in general, amorphous phases may 
be indicated by broad, curving bands rather than sharp peaks. Through this work, XRD was 
performed using a Rigaku Ultima IV powder diffractometer with Cu Kα radiation (λ=1.5418 
Å). Prepared samples were placed in aluminum sample holders and leveled using a glass 
microscope slide for examination. For this study, XRD will be applied as a technique for 
confirmation of sample composition and crystallinity. Samples to be examined include all 
produced powders and glass from sol-gel. In addition, XRD will be employed to estimate 
particle size. These calculations will be discussed in further detail within the results of this 
work.  
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2.2 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray 
Spectroscopy (EDX) 
Scanning electron microscopy is an imaging technique in which a focused electron 
beam interacts with the surface of a sample, resulting in the emission of electrons that are 
collected by a detector (in this case, a backscatter detector). [2.3] Energy-dispersive x-ray 
spectroscopy is a system that works in conjunction with SEM, detecting the x-ray emissions 
from individual elements and quantitatively computing the weight percent of the elements 
present. [2.4] When combined with EDX, SEM is a powerful tool that allows the imaging 
and compositional analysis of samples at a high magnification. Throughout this work, 
samples were examined using a Hitachi SU6600 Variable Pressure Field Emission scanning 
electron microscope (VP-FESEM) with an Oxford Instruments Silicon Drift Detector. For 
this study, SEM was used to examine polished sections of fired sol-gels. EDX was used to 
analyze the composition of as-prepared powders. In addition EDX mapping was used to 
determine whether diffusion had occurred when as-prepared particles were incorporated into 
sol-gels.  
 
2.3 Transmission Electron Microscopy (TEM) 
 Transmission electron microscopy utilizes a focused electron beam, which penetrates 
the sample and then collects deflected electrons with a detector located below the sample. 
[2.5] Using the collected signal, the interior of a sample can be imaged at up to 106 times 
magnification. This high degree of magnification allows imaging of the particles in this study 
and verification of applied coating. Samples were examined using a Hitachi H-7600 Variable-
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kV transmission electron microscope. For the purpose of this study, TEM was used to 
examine as-prepared powders for calculation of particle size. TEM also aided in determining 
whether diffusion occurred when as-prepared particles were incorporated into sol-gels.  
 
2.4 Photoluminescence Measurements  
 Photoluminescence arises when light is absorbed by a material and reradiates at 
lower energies through specific electronic transitions that generally are unique to the light-
emitting active dopant. [2.6-7] This technique allows for the characterization of the active 
material through emission and excitation spectra. Measurements were performed using a 
Jobin-Yvon Fluorolog 3 spectrofluorometer with a double grating configuration and an 
integration time of 0.10 seconds at an increment of 1nm. In this study photoluminescence 
was used to obtain emission and excitation spectra of rare earth doped as-prepared powder 
as well as sol-gels that contained powder.  
 
2.5 Radioluminescence Measurements 
 Scintillation is the phenomenon where a material emits light upon interaction with 
ionizing radiation. [2.8] Radioluminescence spectra indicate the wavelength at which a 
material scintillates. In the case of these measurements, x-rays are the radiation utilized. 
Radioluminescence measurements were performed using a custom mount, with a collimating 
lens and an Amptek Mini-X x-ray source set at 100 micro-amps and 50kV. Samples are 
placed atop a photomultiplier tube and pumped with an x-ray source. The resultant 
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emissions are collected by the collimating lens. In this study, the system was used to 
demonstrate the emission under radiation of powder samples as well as sol-gels containing 
particles.  
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CHAPTER 3 
YTTRIUM-BASED NANOPARTICLE SYNTHESIS AND CHARACTERIZATION 
 
3.1 Introduction 
Optically active yttrium-based materials have three primary applications; solid state 
lasers, radiation detection, and displays and lighting have been discussed at length in Chapter 
1.  As stated, we will focus the majority of our attention on display and lighting applications.  
For the purpose of this study, we have selected three compositions for analysis: Eu:Y2O3, 
Ce:Y3Al5O12 (YAG), and Ca,Cr:YAG.  Each of these compositions has been examined 
previously for one or more of the applications discussed; however, our goal is to examine 
the use of these materials in the production a novel sol-gel composite for these applications.   
Europium-doped yttria (Y2O3) commonly is used as a red phosphor in lighting, as 
scintillators for radiation detection, and in displays.  Its selection for these applications is for 
a number of reasons, including its broad transparency and thermal stability. [3.1-13]  
Trivalent europium substitutes preferentially in the C2 site usually occupied by yttrium 
atoms. [3.4-6, 3.14]  A general representation of the Y2O3 unit cell is given in Figure 3.1.  As 
mentioned, europium ions substitute into the C2 coordination site of the yttria crystal, 
illustrated in Figure 3.2.  Trivalent europium possesses the 5D0  
7F2 transition that yields 
emission in the 600-640 nm range.  This transition, along with the others which will be 
discussed further in Section 3.3, can be seen in the europium energy level diagram given in 
Figure 3.3.  This is the preferred optical transition and spectral range that will be examined 
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during this work as this range falls within the red region desired for the applications 
presented.  Additionally, as we will discuss later in this chapter, the use of europium allows 
us the ability to understand the structure of the material further, its emission giving valuable 
information about the symmetry of the substitution site.   
 
Figure 3.1: Basic diagram of the unit-cell of yttria.   
 
 
Figure 3.2: Coordination of yttrium ion in yttria.  Black indicates yttrium ions while gray 
indicates oxygen.  Figure adapted from Reference 3.15.  
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Figure 3.3: Europium energy level diagram.  Figure adapted from Reference 3.86. 
 
In addition to Eu-doped yttria, we will examine both Ce:YAG and Cr:YAG for 
incorporation into sol-gel composites.  Before we discuss the different applications of the 
two YAG compositions, it is important to understand the structure of the yttrium aluminum 
garnet crystal.  Yttrium aluminum garnet forms according to the site nomenclature, 
A3B2C3O12, where the A site symmetry is dodecahedral, the B site is octahedral, and the C 
site is tetrahedral. [3.17-19]  Within the YAG unit cell, which is body-centered cubic with an 
Ia3d space group, there are 160 atoms. [3.19]  Because of the difference in ionic radii 
between Y3+ (1.15 Å , when dodecahedrally coordinated) and Al3+, the larger yttrium ion 
locates in the dodecahedral A site.  Aluminum, with an ionic radius of 0.53 Å when 
octahedrally coordinated and 0.67 Å when tetrahedrally coordinated, fills the octahedral B 
and tetrahedral C, respectively. [3.17-19]  A two-dimensional representation of the unit cell 
of YAG is given in Figure 3.4.   
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Figure 3.4:  Basic model of the <111> view of the yttrium aluminum garnet unit cell.   
Ce:YAG has several unique applications, including white light sources [3.20-22] and 
radiation detection [3.23].  Ce:YAG is commercially used for white light emitting diodes 
(WLEDs) because it emits yellow when excited by blue wavelengths; the yellow emission 
and the transmitted blue wavelengths combine to produce white light. [3.22, 3.24-25]  
Commercial blue LEDs, composed of GaN or InGaN, tend to emit within the 440-480 nm 
spectral range.  As such, we will use this range to excite our materials.  The trivalent cerium 
ion, when dodecahedrally coordinated, has an ionic radius of 1.28 Å, similar to that of the 
yttrium ion and much larger in size compared to the tetrahedral and octahedral Al3+ sites. 
[3.19, 3.26]  Thus, the cerium substitutes into the site occupied by the yttrium ion.  The 
transition responsible for Ce3+ yellow emission in YAG is the 5d4f transition depicted in 
Figure 3.5.  Yellow emission by cerium is unique to the garnet structure due to the strong 
YAG crystal field, which leads to a splitting of the 4f ground state. [3.26-29]  It has been 
shown that the charge distribution around the ions within the YAG crystal is non-spherical, 
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leading to the distortion that gives rise to this splitting. [3.19]  Consequently, the 
luminescence is shifted to a longer wavelength. [3.26]  This splitting gives rise to the broad 
emission band that can be expected.   
 
Figure 3.5: Energy level diagram of Ce3+ in YAG indicating the splitting of the ground state.  
Figure adapted from Reference 3.16.   
 
The white light application is of particular interest for this composition, as 
commercially used composites for WLEDs are composed of YAG within a polymeric resin, 
which has poor stability when exposed to the heat from LEDs and can degrade the quality 
over the lifetime of the material. [3.30]  The use of a glass-ceramic composite in this 
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application has been examined [3.31], though no attempts to produce sol-gel composites for 
this purpose have been reported to the best of our knowledge.  This will be discussed further 
in Chapter 4.  In addition to being an excellent material for white LEDs, Ce:YAG is a 
common scintillator material.  Cerium emissions, particularly Ce3+, are also desirable for 
scintillator applications for their extremely high light yield attainable, though this will not be 
our main focus. [3.32]  In addition to the characterization methods which will be discussed 
further in the coming pages, we will need to assess the chromaticity of the nanoparticles 
which are produced in order to evaluate their use for white light applications.  This will be 
done using the methods established by the International Commission on Illumination (CIE, 
for the French Commission Internationale de L’Eclairage) in 1931 as a means of quantifying 
color. [3.33-34] In this case, we will evaluate the color of the emission spectra obtained from 
Ce:YAG nanoparticles.  The system created by the CIE allows the depiction of color in two-
dimensional space as shown in Figure 3.6.   
 
Figure 3.6: CIE 1931 two-dimensional color space.  Figure from Reference 3.35. 
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Coordinates for plotting color in two-dimensional space are calculated using these 
three integrals,  
              (3.1) 
               (3.2) 
               (3.3) 
which allow us to determine what are known as the tristimulus values (X, Y, and Z). [3.33-
34]  In these equations x̄(λ), ȳ(λ), and z̄(λ) represent what are known as the color matching 
functions, which represent the three primary colors: blue, green, and red, respectively.  The 
color matching functions used in the calculation of values are from the standard CIE S 001. 
[3.34]  From these values, we can calculate the x and y coordinates in CIE space via the 
following equations: [3.33-34] 
                 (3.4) 
                (3.5). 
These x and y coordinates can then be plotted on the color space shown in Figure 
3.6.  In the case of WLED applications, it is our intent to demonstrate that our nanoparticle 
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synthesis methods produce comparable emission to its commercial counterpart in order to 
produce a commercially viable composite. [3.22, 3.36]   
In the case of Cr:YAG, both Cr3+ and Cr4+ exhibit valuable lasing properties.  
Chromium can exist in several valence states, including Cr2+, Cr3+, Cr4+, and Cr6+.  Cr:YAG 
with Cr3+ and Cr4+ emissions are most notably used as a tunable laser material.  The emission 
band for Cr3+ appears at approximately 687 nm. [3.17-18, 3.37-40]  Obtaining an emission 
from Cr4+ is more complicated, as it requires charge compensation.  As discussed previously, 
yttrium aluminum garnet forms according to the site nomenclature, A3B2C3O12, where the A 
site symmetry is dodecahedral, the B site is octahedral, and the C site is tetrahedral. [3.17-19]  
The larger yttrium ion locates in the dodecahedral A site, while aluminum fills both the 
octahedral B and tetrahedral C sites.  Trivalent chromium preferentially substitutes in the 
octahedral site occupied by Al3+, because the two have similar ionic radii, making Cr3+ the 
dominant valence state in YAG. [3.17-18]  Cr3+ has an ionic radius of approximately 0.75Å.  
This size similarity dictates that the dopant must be located in the octahedral site in YAG 
which was previously occupied by a trivalent aluminum ion. [3.17, 3.37-38, 3.40]  Tetravalent 
chromium, on the other hand, can be octahedrally or tetrahedrally coordinated, with an ionic 
radius in these sites of 0.69 Å and 0.55 Å, respectively.  Because of this, Cr4+ can substitute 
in either of the aluminum sites within the crystal, but only if the charge is compensated for.  
By adding calcium as a co-dopant, we are able to induce the the Cr4+ state as the Ca2+ 
provides charge compensation for the Cr4+. [3.37-39]  In this situation, the Ca2+ occupies the 
Y3+ site, balancing Cr4+ substitution in the Al3+ tetrahedral and octahedral sites.  While the 
Cr3+ emits at around 687 nm, the Cr4+ emits in the infrared between 1300-1500 nm (when in 
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the tetrahedral site).  It should be mentioned that, while co-doping with divalent calcium 
ions encourages the Cr4+ state, the Cr3+ state is still present within the system. [3.38]  
Additionally, working in an oxidizing environment can cause the Cr4+ to shift from the 
tetrahedral site to the octahedral site, while working in a reducing environment can cause 
Cr4+ to reduce to Cr3+. [3.17, 3.38]   
Previous works have examined rare earth doped Y2O3 and YAG in a variety of 
forms, including powder [3.1, 3.3, 3.10-12, 3.20, 3.24, 3.41-42], single crystals [3.17, 3.39, 
3.43-52], and transparent ceramics [3.13, 3.44-45, 3.53-57].  Single crystals, often used as 
solid-state laser media, are well-studied and desirable for their lack of defects. [3.43, 3.58]  
Generally, however, single-crystalline materials are costly and require a great deal of 
precision in the manufacturing process to produce defect-free materials.  In the case of yttria 
and YAG, high melting temperatures (approximately 1950˚C for YAG, 2450˚C for Y2O3) 
have previously been nearly prohibitive to their single crystal growth, as crystal growth 
processes require maintained temperatures above Tm. [3.43-44, 3.58]  The production of 
YAG single crystals at temperatures around 600˚C has been demonstrated, bringing the 
process within reach. [3.48]  Many examples of YAG and Y2O3 in single-crystalline form are 
available and frequently used, as it is a mature field of study. [3.45-52]  As an alternative to 
the crystal growth process, many studies have turned to transparent ceramics. Highly 
transparent ceramics, produced from Y2O3 nanoparticles, have been well-documented. [3.13, 
3.43-44, 3.53-55]  Porosity control requires a multi-step process that is time consuming but 
has been well studied and controlled. [3.13, 3.44, 3.53-54]  High processing temperatures, 
though generally lower than those required by crystal melt growth, are also necessary to 
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achieve transparency of these materials. In order to minimize these issues, a great deal of 
control over particle size, distribution and morphology is required.  We propose to develop a 
means of producing a novel nanocomposite material via sol-gel methods and containing 
Y2O3 particles, which requires lower processing temperatures than single-crystal growth or 
transparent ceramic synthesis.  Rather than replace these generally accepted methods, we aim 
to introduce a new method that offers the same quality results with a more economical 
synthesis approach.  In order to develop these composites, we will first produce Y2O3 
nanoparticles via several methods.  
Yttria (Y2O3) and YAG nanoparticles were produced and investigated as viable 
materials for incorporation into a silica sol-gel matrix.  Silica has specifically been selected as 
it is a widely studied sol-gel composition and is more easily controlled because of its simple 
composition.  For the purposes of this study, four criteria for selection have been 
established: 
1) Particles need to be able to be suspended in a solvent for a reasonable period of time 
for incorporation into the sol-gel.  This is due to the processing methods and time of 
gelation.   
2) As synthesized powders need to have a relatively small particle size to reduce 
potential for scattering. [3.59] 
3) Particles need to have a low occurrence of agglomeration in order to achieve 
uniform dispersion in sol-gel.  
4) The as synthesized particles need to be optically active.   
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Each of these criteria will be assessed during the discussion of the results in order to 
determine which of the materials selected is the best candidate for incorporation in a sol-gel 
as a composite.  In order to reduce confusion when presenting results, we will first discuss 
the experimental procedure and results for yttria nanoparticles in Sections 3.2 and 3.3.  
Following this discussion, we will introduce the procedure and results for the synthesis of 
YAG nanoparticles in Sections 3.4 and 3.5.   
 
3.2 Yttria (Y2O3) Nanoparticle Synthesis 
Previous study on the synthesis of yttria nanoparticles has been done, comparing 
solution combustion synthesis methods with solution precipitation routes. [3.10, 3.12, 3.42, 
3.44, 3.60]  Although the comparison was for the purpose of producing transparent 
ceramics, sulfate doping of nitrate-based hydroxide-precipitated Y2O3 is demonstrated to 
reduce particle agglomeration and decrease overall particle size.  The nitrate-based hydroxide 
precipitation method will be employed and compared with a fluoride variation on solution 
precipitation, in addition to a sol-gel method for producing particles.  Particles from each of 
these methods will be examined based on the above-noted selection criteria.   
Fluoride-based solution precipitation was selected because it should be possible to 
convert the fluoride intermediate to the oxide upon heat treatment.  These methods have 
been previously applied for use in optical fibers. [3.61]  In those instances, LaF3 was 
prepared via solution precipitation.  Particles were then incorporated into the deposited soot 
layer of an optical fiber preform.  It was suggested that the particles would likely oxidize 
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during the preform consolidation process, which occurs at high temperature in an oxygen 
atmosphere.  For this study, it is expected that fluoride particles will oxidize after 
incorporation into the sol-gel matrix and upon heating for gel to glass transformation.  
 
Hydroxide-based Solution Precipitation 
This method employs a hydroxide precipitant to synthesize Y2O3 nanoparticles.  A 
solution of yttrium nitrate and europium nitrate (Alfa Aesar, 99.99%) was prepared in de-
ionized water.  As europium substitutes for yttrium atoms in the system, the rare earth was 
added in place of 1 atom % of yttrium.  Ammonium sulfate, (NH4)2SO4 (Fluka, 99.9999%), 
was added to the solution in order to lessen the extent of particle agglomeration. [3.42, 3.60]  
This solution was stirred at room temperature until completely clear.  The pH of the salt 
solution was taken at this point.  A solution of ammonium hydroxide (BDH, 20-30%) and 
de-ionized water was then added to the first solution, drop-wise, while the pH was 
monitored.  The combined solution was stirred for 3 hours then centrifuged to separate 
particles from the remaining liquid.  The particles were washed two times with de-ionized 
water and two times with ethanol, centrifuging between each washing.    In cases where 
particles are synthesized with solutions containing ethanol or only water, particles are washed 
with ethanol.  For those synthesis methods that employ other solvents such as methanol, like 
solvents are used during the washing process.   
Particles were dried for 24 hours in a vacuum oven at 60˚C. Once dry, the particles 
were crushed with an agate mortar and pestle.  The dried particles were then calcined at 
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1050˚C for 4 hours in atmospheric conditions.  The resulting powders were characterized 
using XRD, TEM, photoluminescence measurements and radioluminescence measurements.   
 
Fluoride-based Solution Precipitation 
This particle synthesis method was used to produce a fluoride-based intermediate 
compound which, upon calcination, converts to Y2O3.  This particular method was 
investigated to determine if there was a means of preparing Y2O3 particles that could be 
easily suspended in water or other solvents as it was observed that the hydroxide based 
particles did not suspend readily. [3.41]  A solution of yttrium nitrate, europium nitrate, and 
methanol was prepared and stirred at room temperature until clear.  The same doping level 
as with the previous method was maintained here.  A second solution of ammonium fluoride 
(Fisher Scientific, 99.9%) and methanol (Fisher Scientific, 99.9%) was prepared and stirred at 
room temperature until clear.  The salt solution was added drop-wise to the second solution 
and stirred for two hours at room temperature.  The final solution was then centrifuged and 
washed one time with methanol.  Washed particles were dried overnight in a vacuum oven at 
60˚C.  In order to convert the particles to Y2O3, the dried particles were crushed with an 
agate mortar and pestle and calcined at 1100˚C for 1 hour under atmospheric conditions.  
The resulting powders were characterized using XRD as described in Chapter 2.  XRD 
measurements were taken over the range of 20-70 degrees (2θ) at a rate of 1 degree per 
minute with a 10mm slit.   
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3.3 Y2O3 Results and Discussion 
All samples were characterized using the techniques and equipment detailed in the 
previous chapter.   
 
Hydroxide Precipitated Particle Results 
XRD measurements of calcined and un-calcined nitrate-based hydroxide precipitated 
nanoparticles were taken over the range of 20-70 degrees (2θ) at a rate of 1 degree per 
minute with a 10mm slit.  It can be clearly seen that crystalline cubic Y2O3 was formed 
following calcination (Figure 3.7). [3.63]  Multiple batches were analyzed and these results 
confirmed.  The standard used to match this sample indicates that the system is cubic, with 
space group  (a=10.604). [3.63]   
 
Figure 3.7. X-ray diffraction pattern of calcined Eu:Y2O3 nanoparticles (JCPDS card 
number 41-1105). [3.49] 
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Using values obtained via XRD results, Scherrer’s equation was applied to estimate 
the average particle size. [3.9, 3.64]  The Scherrer equation is 
     2 =

	  
             (3.6) 
where B (2θ) is the full width at half maximum (FWHM) of the primary peak, and L is the 
crystallite size, in nm. [3.65]  Instrumental broadening for the equipment used (as described 
in Chapter 2) is 0.06˚ 2θ and is taken into account prior to the conversion of the FWHM 
from degrees to radians.  The wavelength of the x-ray source used to obtain the data is 
λ=0.15418nm in this case, and the Scherrer constant (K) can be assumed to have a value of 
0.94. [3.65-66]  This value for K is generally accepted for spherical crystallites with cubic 
symmetry, which is the best estimate of our particles.  Values used often range from 0.6 to 
2.0.  In the case of the given data, the average crystallite size is estimated to be 57.59 nm.  It 
should be considered that this estimation assumes perfectly spherical particles.  In other 
words, the estimate is more of an average of the dimensions of the particles when 
considering asymmetrical particles such as these.   
Powders were imaged using TEM (Figure 3.8).  Images showed that hydroxide 
precipitation yields particles of slightly irregular shape and varying size.  Minor 
agglomeration can also be observed.  Based on the scale of the TEM images, while the 
estimated crystallite size holds true for some particles, still others are significantly larger, 
indicating a broad particle size distribution.   
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Figure 3.8. TEM images of as-prepared Y2O3 nanoparticles.  It should be noted that images 
were taken at different magnifications: 300k (left) and 400k (right). 
 
Samples containing 1 atom% europium were also examined for characteristic optical 
emission and excitation spectra.  Emission spectra was taken over a wavelength range of 550 
nm to 725 nm with λex=257 nm (Figure 3.9).  An emission peak was observed at 611nm, 
which is characteristic of the 5D0  
7F2 transition of Eu
3+.  Excitation was measured over a 
range of 175 nm to 300 nm with λem=611 nm and with an observed excitation at 257nm.   
 One of the benefits of using europium as a dopant is its behavior as a spectral probe, 
allowing a thorough understanding of the symmetry of the environment immediately 
surrounding the rare earth. [3.61, 3.67]  The asymmetry of the C2 site gives rise to the high 
intensity red emission desirable for applications including displays and scintillators.  In order 
to take advantage of this characteristic, the spectrum has been normalized to the peak 
appearing at 590 nm, as that intensity is independent of environment.  The relationship, 
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known as the hypersensitivity ratio, is the ratio of the intensity of the 5D0
7F2 transition to 
that of the 5D0
7F1 transition.  The 
5D0
7F2 peak, located at 611 nm, has been discussed 
above.  The 5D0
7F1 transition is indicated by the peak at 590 nm.  Based on the normalized 
spectrum scale, we can see that the ratio is approximately 10/1, indicating strong asymmetry 
of the europium site.  This degree of asymmetry in our Eu:Y2O3 nanoparticles is consistent 
with previous work and what is seen in the yttria crystal at the C2 site. [3.5, 3.7, 3.8, 3.55, 
3.68]   
 
Figure 3.9. Emission and excitation (inset) spectra of Eu:Y2O3. Emission with λex=257 nm 
and excitation with  λem=611 nm. 
 
In addition to photoluminescence, samples were examined for radioluminescence 
(Figure 3.10).  A peak characteristic of Eu in Y2O3 was observed at 610 nm, indicating the 
possibility of use in scintillator applications as this is compatible with the operating range of 
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several common photocathode materials used in photomultiplier tubes for conversion of x-
ray and alpha radiation wavelengths to visible light. [3.69-70]  The system which was used for 
these measurements was not optimized, yielding only weak peak intensities even for 
materials used as standards. Additionally, the loading of particles in sol-gel composites was 
felt to be too low to provide the intense light output generally desired for scintillation.  As 
such, radioluminescence was not examined going forward.   
 
Figure 3.10. Radioluminescence spectrum of Eu:Y2O3 nanoparticles, a) full scale spectrum 
and b) zoomed-in section of the spectrum.  Sample spectrum is at top (in blue), while the 
background is given below (in black) in each plot.   
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As mentioned previously, it was difficult to keep the as-prepared particles in 
suspension for future incorporation into a sol-gel medium.  As such, other avenues of 
incorporation were investigated, including fluoride-based nanoparticles.  Further discussion 
of the issues regarding the suspension of nanoparticles will be included in Chapter 4.   
 
Fluoride Precipitated Particle Results 
Unlike the hydroxide precipitated yttria nanoparticles, it was found that as-prepared 
fluoride-based particles could be easily suspended in water or other various solvents.  
Fluoride-based particles, prepared as described in Section 3.2, were examined via XRD to 
demonstrate the conversion from a fluoride-based intermediate to crystalline yttria (Figure 
3.11 a).  The XRD spectrum of the as-prepared particles was compared to a selection of 
standard spectra, and the composition was determined to be ammonium yttrium fluoride 
(NH4Y2F7), shown in Figure 3.11 a. [3.71] Multiple calcination temperatures were examined.  
Particles were processed at both 1100ºC and 1000ºC to ensure that crystalline yttria had 
formed.  Investigation of calcination at 1000˚C was necessary because the sol-gels into which 
these particles were to be incorporated were processed at that temperature.  The use of the 
higher calcination temperature was found to be unnecessary as XRD indicated that cubic 
Y2O3 was the only phase present following calcination at both 1000˚C and 1100˚C (Figure 
3.11 b and c). [3.63]  Crystal directions for the yttria peaks are given in Figure 3.11 b and c.   
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Figure 3.11. XRD of a) as-prepared particles via fluoride synthesis process (ammonium 
yttrium fluoride, as indicated by circles), b) particles calcined at 1000˚C without flow of 
oxygen and c) particles calcined at 1100˚C with flow of oxygen. 
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In addition to examining firing temperatures, calcination atmosphere was examined, 
to determine whether a flow (at 4 liters per minute) of oxygen was necessary to fully convert 
the fluoride based particles to Y2O3.  EDX analysis was used to confirm XRD results and to 
investigate whether oxygen was necessary.  Atomic percentages (all values normalized) 
indicate that the sample calcined with oxygen flow at 1100˚C was fully converted to Y2O3 
(Table 3.1).  A composition of 40% (atomic %) yttrium and 60% oxygen is necessary to 
confirm this.  The calculated compound percent is also given, and confirms this again.  For 
samples calcined without a flow of oxygen, the same results can be seen, indicating that no 
flow of oxygen is necessary to aid in the conversion process during calcination (Table 3.2).   
 
Table 3.1. EDX results for fluoride-based particles calcined at 1100˚C, with oxygen.  All 
values normalized to total weight percent. 
Element Weight% Atomic% Compound% Formula 
F -0.31 -0.75 0.00  
Y 78.99 40.30 100.31 Y2O3 
O 21.32 60.45   
Totals 100.00    
 
 
Table 3.2. EDX results for fluoride-based particles calcined at 1100˚C, without oxygen.  All 
values normalized to total weight percent. 
Element Weight% Atomic% Compound% Formula 
F -0.27 -0.64 0.00  
Y 78.95 40.25 100.27 Y2O3 
O 21.31 60.38   
Totals 100.00    
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Average particle size was estimated using XRD results and the Scherrer equation.  
The as-prepared fluoride-based intermediate particles had an estimated particle size of 30.53 
nm.  After calcination, the resulting Y2O3 particles were found to have an estimated average 
particle size of 72.97 nm when calcined at 1100˚C.  Particles fired at 1000ºC were estimated 
to have an average particle size of 114.1 nm.  TEM images were obtained to confirm this 
particle size change (Figure 3.12).  Although the micrographs confirmed a difference in the 
particle size, it was estimated from these images that the average particle sizes were 
significantly larger than the original estimates from XRD indicate.  In Figure 3.12 a, as-
prepared fluoride-based particles are shown, with an estimated average particle size of less 
than 100 nm (based on the image scale).  Figure 3.12 b shows fluoride-based particles that 
have been heat treated (at 1000˚C) to convert to yttria.  It is evident that heat-treated 
particles are significantly larger than the original estimate, with an average measured particle 
size of nearly 500 nm.  The increase in particle size from the as-prepared particles to the heat 
treated particles is significant.  The Scherrer equation, intended for nanoscale crystallite 
estimates is obviously inaccurate when larger particles are considered, which is to be 
expected.  The estimate is based on the broadening of x-ray diffraction peaks with 
decreasing particle size.  As such, the accuracy of the calculation is severely limited as particle 
sizes increase past approximately 100 nm, because the narrowing of peaks is finite.   
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Figure 3.12: Transmission electron micrographs of as-produced fluoride-based 
nanoparticles (left, 80k magnification) and fluoride-based particles which have been 
converted at 1000˚C to yttria (right, 20k magnification). 
 
Figure 3.13: Emission spectrum of as-prepared ammonium yttrium fluoride doped with 
europium.  Spectrum is normalized to the peak at 590 nm, excitation wavelength is 257 nm.  
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 Photoluminescence measurements of the fluoride-based particles were performed 
and the emission spectrum is given in Figure 3.13.  Results were normalized according to the 
peak at 590 nm, as discussed previously.  Taking into consideration the hypersensitivity ratio 
used earlier, the ratio here is approximately 1/1, compared to the 10/1 ratio for the fully 
oxidized yttria as seen in Figure 3.9. The peak at 611 nm, indicating the 5D0
7F2 transition is 
the same intensity as the peak indicating the 5D0
7F1 transition at 590 nm.  From this, we 
can determine that the europium is in a more symmetrical site in the un-fired ammonium 
yttrium fluoride particles prior to calcination when compared with in yttria.  Our research 
has found no specific information regarding the symmetry of the doping site in ammonium 
yttrium fluoride or the space group of the phase.  However, analogous compounds (such as 
NH4ErF10) have been studied and have been shown to be cubic with space group Pm3n. 
[3.85]  Similar degrees of site symmetry to the ammonium yttrium fluoride have been 
observed in yttrium fluoride (YF3) and sodium yttrium fluoride (NaYF4). [3.72-74]  Based on 
these similarities and the results on hand, we can conclude that the presence of fluorine 
atoms in yttrium-based materials inhibits the emission of the 5D0
7F2 transition at 611 nm 
and leads to a greater degree of symmetry within the system.   
 
3.4 YAG Nanoparticle Synthesis 
Rare earth doped Y3Al5O12 (YAG) nanoparticles were synthesized using hydroxide 
precipitation methods.  A salt solution of aluminum nitrate (Alfa Aesar, 98%) and yttrium 
nitrate (Strem Chemical, 99.9%), at an atomic ratio of 3:5 yttrium to aluminum, in ultra-pure 
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water (Barnstead NANOpure Diamond D11901) was prepared and stirred at room 
temperature until the salts were dissolved and the solution became clear.  Ultra-pure water is 
used to decrease aggolmmeration and somewhat lessen the introduction of impurities into 
the system. [3.62]  Whereas the deionized water used in our work has a resistivity of 16-17 
mΩ, while the ultra-pure water has a resistivity of 18.2 mΩ.  In the case of doped samples, 
cerium nitrate (Acros Organic, 99.5%) or calcium nitrate (Fisher Scientific, 99.9%) and 
chromium nitrate (Alfa Aesar, 98.5%) were substituted into the system at the following 
selected ratios.  For the Ce:YAG, the cerium substitutes for 1 atom% of the yttrium in the 
system.  The calcium and chromium substitute into the YAG crystal as discussed previously.  
Additionally, the Ca and Cr are held at 1:1 ratio to each other.  Studies have shown that 
having more calcium than chromium leads to the formation of Cr6+. [3.17, 3.39]  The salt 
solution was then added drop-wise to a solution of ammonium hydroxide (BDH, 20-30%) 
and ultra-pure water.  The resulting solution was stirred for one hour at room temperature.  
Particles were then washed one time with ultra-pure water and one time with ethanol (200 
proof).  The justification for washing steps has been previously discussed.  In this case, ultra-
pure water was used as it was also used in the synthesis of the nanoparticles.  After drying 
overnight in a vacuum oven, the particles were crushed using an agate mortar and pestle due 
to the hardness of the YAG powder, and then calcined.   
An initial firing temperature of 1000ºC for the Ce:YAG was chosen based on the 
firing parameters used to produce similar materials produced by this group and others. [3.20]  
Ce:YAG samples were calcined by heating to 450˚C at a rate of 10˚C/min and held for 30 
minutes, then heating to 1000˚C at a rate of 10˚C/minute and held for 2 hours.  In order to 
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examine the formation of YAG during firing, two comparative processes were also selected.  
First, a firing rate of 1100ºC with the same ramp rate and hold temperatures used for the 
Ce:YAG was used with the Ca,Cr:YAG to determine whether 1000ºC was sufficient to form 
crystalline YAG.  Ca,Cr:YAG samples were calcined by heating to 450˚C at a rate of 
10˚C/min and held for 30 minutes, then heating to 1100˚C at a rate of 10˚C/minute and 
held for 2 hours.  Additionally, some Ca,Cr:YAG was calcined at 1100ºC without the hold at 
450ºC.  This temperature was selected as it was the maximum temperature attainable by our 
equipment.  Ca,Cr:YAG samples were calcined by heating to 1100˚C at a rate of 
10˚C/minute and held for 2 hours to examine whether the additional hold time at 450ºC 
used previously was necessary for YAG formation.  XRD will be used to examine the 
differences in the resulting materials between these firing temperatures.   
The resulting powders were characterized using X-ray diffraction (XRD), 
transmission electron microscopy (TEM), and photoluminescence measurements.  XRD 
measurements of nanoparticles were taken over the range of 20-70 degrees (2θ) at a rate of 1 
degree per minute with a 10mm slit.   
 
3.5 YAG Results and Discussion 
Ce:YAG Results 
The produced Ce:YAG nanoparticles were analyzed via XRD to confirm the 
formation of crystalline YAG, as shown in Figure 3.14.  The XRD indicates that the garnet 
phase was successfully produced via solution precipitation and calcination at 1000˚C. [3.75]   
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Figure 3.14: XRD spectrum of Ce:YAG nanoparticle sample produced via hydroxide 
precipitation, calcined via two-step process at 1000˚C.   
 
Using the Scherrer equation as discussed previously, the average particle size of the 
YAG produced was estimated to be 48.69 nm, which is consistent with particles prepared 
similarly. [3.24]  It should be noted that this is an estimated average dimension and does not 
take into account any sort of particle asymmetry.  As-prepared particles were also examined 
using TEM (Figure 3.15).  From the images, it can be seen that particles are irregular and are 
also although only slightly agglomerated.  Various methods, including the hydroxide 
precipitation method used here, have been used previously to synthesize particles that appear 
to have similar morphologies. [3.56, 3.76-77]  TEM images generally corroborate the 
estimated particle size, though there is clearly a broad particle size distribution.  As with the 
yttria particles, it appears that the actual average particle size may be slightly higher than the 
Scherrer estimate.   
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Figure 3.15: TEM image of Ce:YAG particles produced via hydroxide precipitation.  Image 
on left was taken at 100k magnification, while image on right was taken at 150k 
magnification.   
 
Photoluminescence of Ce:YAG nanoparticles was measured (Figure 3.16).  The 
peaks observed in both of these spectra are consistent with those seen in previous work. 
[3.25, 3.27, 3.30, 3.49, 3.78]  The emission spectra, obtained at an excitation wavelength of 
450 nm, exhibited a broad peak, centered at 530 nm.  This peak is indicative of the 5d4f 
transition (2D5/2
2F5/2, 
2F7/2) splitting of the Ce
3+ ground state, which yields the very broad 
emission. [3.20, 3.24, 3.26-27]  An excitation spectrum was also gathered, with an emission 
wavelength of 530 nm.  The major excitation peak observed was located at 449 nm, which 
falls within the operating range of commercially used blue LEDs for white light generation.  
Along with the minor peak located at approximately 340 nm, these excitation peaks are 
indicative of the split 4f state of the Ce3+ ions. [3.20, 3.24, 3.27, 3.78]  The split energy state 
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occurs due to the large crystal field of YAG and shifts the Ce3+ emission from the blue into 
the yellow desired for white light applications.  
 
Figure 3.16: Photoluminescence spectra of Ce:YAG particles, emission (solid line, λex=450 
nm) and excitation (dashed line, λem=530 nm).  
 
 Following photoluminescence measurements, it was necessary to calculate the two-
dimensional CIE color space coordinates for the emission spectrum of the Ce:YAG 
nanoparticles.  Coordinates were calculated as discussed in Section 3.1.  The (x,y) 
coordinates for the nanoparticles were found to be (0.374, 0.406).  This point was plotted in 
two-dimensional color space as shown in Figure 3.17.  When plotted within the 1931 CIE 
color space, this coordinate falls within the yellow region, as desired.  For comparison, a 
commercial Ce:YAG phosphor was reported to have coordinates (0.44, 0.54), which falls 
within the yellow, but is more saturated than our nanoparticles; our coordinates were also 
similar to reported values for transparent ceramic samples. [3.30, 3.79]   
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Figure 3.17: Color coordinates for Ce:YAG nanoparticles (orange point) plotted in the 1931 
CIE two-dimensional color space (left).  Blue data points indicate values for the InGaN 
LED from literature, while the green point indicates the reported coordinates for 
commercial Ce:YAG phosphor for comparison. [3.77, 3.85]  CIE 1931 diagram (right) given 
for comparison. Figure from Reference 3.35.   
 
Ca,Cr:YAG Results 
YAG samples doped with calcium and chromium were characterized via XRD.  
Spectra were obtained for the samples calcined in one-step and two-step processes to 
determine whether there was an observable difference between the two processes.  Results 
were compared to the peaks of a standard for the garnet phase. [3.75]  XRD results indicate 
that both the two-step and one-step calcination processes successfully produced the desired 
garnet phase, as seen in Figure 3.18.  Using the Scherrer equation, the average particle size of 
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the YAG produced via two-step calcination was estimated to be 36.89 nm, while the average 
particle size of the YAG produced via one-step calcination was estimated to be 41.68 nm.  
Again, these estimations do not take into account any asymmetry of the particles but rather 
averages the dimensions in each direction.  Based on these estimates, there is not a 
significant difference between the two firing methods as far as particle size is concerned.   
TEM images of fired nanoparticles produced via one-step calcination were obtained 
and are given in Figure 3.19.  It appears that, unlike the irregular nature of the Ce:YAG 
nanoparticles (Figure 3.15), the Ca,Cr:YAG particles were more rounded.  The Ca,Cr:YAG 
particles were subjected to ball milling with ZrO2 pellets prior to calcination, which allowed 
for a less irregular particle to form.  In addition, the microscope images indicate a far greater 
particle size than the estimated values using the Scherrer equation.  Again, it appears that the 
accuracy of the equation decreases with increasing particle size.  This is to be expected, given 
that the equation is dependent on peak width. [3.64-65]  As the peak width narrows, particle 
size increases in the calculation.  Peak narrowing is finite and, thus, limits the accuracy of the 
calculation beyond approximately 100 nm.  The particles in Figure 3.19 appear to be an 
average of 200 nm.   
  
67 
 
 
 
Figure 3.18: XRD spectrum of Ca,Cr:YAG produced using a) a two-step calcination process 
and b) a one-step calcination process.   
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Figure 3.19: Transmission electron micrographs of Ca,Cr:YAG nanoparticles prepared via 
one-step calcination.  Image on left was taken at 50k magnification; image on right was taken 
at 80k magnification.  
 
 As mentioned, we assessed the three firing processes used in the preparation of 
YAG nanoparticles.  The three processes were 1000ºC two-step, 1100ºC one-step, and 
1100ºC two-step.  Using the Scherrer equation, the estimated particle sizes for these 
methods were 48.69 nm, 41.68 nm, and 36.89 nm, respectively; however, the TEM images 
show a larger disparity between the particle sizes.  Images indicate an average particle size of 
50 nm for particles calcined at 1000ºC, and an average of nearly 200 nm for particles 
calcined at 1100ºC.  It would seem that, based on the results on hand, no conclusive trend 
can be observed.  All three firing methods are viable options for producing crystalline YAG 
nanoparticles.   
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Figure 3.20: Emission spectra of one-step calcined Ca,Cr:YAG nanoparticles a) λex=532 and 
b) λex=990.   
 
The emission spectrum was measured, both in the visible and in the infrared (IR) 
regions.  The emission for samples prepared via one-step calcination process is given in 
Figure 3.20.  As an emission band is detected in the IR when excited at 990 nm, we can 
conclude that Cr4+ is present in the system.  The broad emission band centered at 
approximately 1325 nm (Figure 3.20 b) is indicative of the Cr4+ 3T2
3A2 transition. [3.17, 
3.76]  When excited at 532 nm, the Cr3+ 2E4A2 transition of the R1 and R2 lines are faintly 
visible at 688 nm. [3.18, 3.80-84]  In addition, the 4T2
4A2 transition is indicated by the 
broad band centered at approximately 700 nm (Figure 3.20 a). [3.57, 3.84]  These results are 
consistent with reported data. [3.17, 3.76, 3.80-84]   
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 Once it was confirmed that the Ce:YAG and the Ca,Cr:YAG nanoparticles were 
optically active and of a reasonably small average particle size as dictated by the selection 
criteria outlined previously, the production of sol-gel matrix composites was pursued.   
 
3.6 Conclusions 
Both yttria and YAG have been thoroughly studied; however, as we aim to employ 
these particles in a novel-type composite, it is important that we consider them from the 
perspective of their use in this composite.  As outlined in the introduction, we chose to 
assess nanoparticles according to the following criteria: 
1) Particles need to be able to suspend in a solvent. 
2) Particles need to be of a relatively small particle size. 
3) Particles need to be unagglommerated. 
4) Particles need to be optically active.  
Issues with suspension of the yttria nanoparticles have been discussed.  Dried 
fluoride-based particles were tested in a variety of solvents and found to be easily suspended.  
YAG particles were suspended in water and in ethanol by stirring, but settled quickly when 
left to rest.  Based on this criterion, the fluoride based particles are best for incorporation 
into sol-gel. 
 Particle size was broadly varied among the different compositions and synthetic 
methods.  Yttria produced via hydroxide precipitation was shown to have an average particle 
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size ranging from 50-100 nm based on Scherrer estimates and TEM micrographs.  Fluoride-
based particles were estimated to have a particle size ranging from 30 to 100 nm.  After heat 
treating, fluoride-based particles were shown via TEM to have a particle size of nearly 500 
nm.  This increase in particle size may become an issue when incorporated into sol-gel.  
YAG particles had an estimated average particle size of 40-100 nm, again with TEM 
indicating that particle size was higher than the Scherrer estimated value.  It appears that all 
particles prepared for this study have a broad size distribution, and it remains to be seen 
whether this will affect the quality of the produced sol-gel composites.   
 Through TEM, likely agglomeration was observed, though it appeared to be 
relatively low for all nanoparticles produced for both compositions.  It is anticipated that this 
will improve dispersion of the particles into the composite.   
 All nanoparticles were demonstrated to be optically active.  The emission of fluoride-
based particles was demonstrated for materials that have not been heat treated.  It remains to 
be seen whether or not the same emissions as for hydroxide precipitated yttria can be 
obtained when the fluoride-based particles are converted to yttria within the sol-gel matrix.  
As mentioned, the Ca,Cr:YAG is primarily utilized in laser applications, so no sol-gel 
composites containing the composition will be produced.  Demonstrating the presence of 
Cr4+ emission allows us to demonstrate the quality of the YAG nanoparticles and our 
control over the synthesis methods. 
 Additionally, we’ve demonstrated the quality of the Ce:YAG for use in white light 
applications by showing the coordinates in CIE space, giving a much less saturated emission 
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than commercial phosphors, it would appear. Also, we have demonstrated optical 
performance on par with the current art. 
 Having assessed each composition according to the selected criteria, we have 
determined that fluoride-based particles (to be converted into yttria), will be the easiest to 
incorporate into the sol-gel process as they are stable in suspension.  Also to be considered is 
whether the particles will fully oxidize once incorporated into a sol-gel matrix; we have, 
however, demonstrated that the ammonium yttrium fluoride particles can be fully converted 
to yttria at the sol-gel processing temperature.  Because of these concerns, we will also 
examine the use of hydroxide precipitated yttria and the Ce:YAG in sol-gel for comparison 
in Chapter 4.   
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CHAPTER 4 
SOL-GEL COMPOSITES WITH ACTIVE NANOPARTICLES 
 
4.1 INTRODUCTION 
Solution gelation (sol-gel) is a popular glass synthesis method for a variety of reasons, 
often used for the preparation of glasses.  It allows for the production of a homogeneous 
material, something that can prove difficult with complex compositions, especially when 
formed at a high temperature. [4.1]  In addition, processing temperatures are much lower 
than with traditionally prepared glasses as these are prepared from an aqueous solution 
rather than by the melting and cooling of solid constituent materials. [4.1-2]  Due to the 
polymeric structure of the gel prior to heat treatment and conversion to glass, the glass 
transition temperature for pure silica glasses formed via sol-gel falls between 600˚C and 
800˚C, whereas traditionally prepared silica has a glass transition of approximately 1200˚C. 
[4.1-2]  Despite this disparity, little difference has been reported between sol-gel glass and 
melt-formed glasses, including the refractive indices of the two and the various thermal and 
mechanical properties. [4.3-4]  Even with its many beneficial qualities, however, the final 
product of sol-gel can prove complicated to control as the system becomes more complex 
(such as with the addition of nanoparticles) due to the many variables involved in synthesis 
from precursor to glass.   
As described previously, solution gelation is a multi-step process that involves the 
producing of a homogeneous sol that then either forms colloidal particles or an open 
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network structure until a gel has completely formed. [4.1, 4.5-6]  The end product can vary 
greatly in shape and in internal structure depending on how it is processed (i.e.: drying, heat 
treatment, and forming).  Solution gelation occurs over several steps.  The first step is the 
formation of the sol through hydrolysis.  As discussed in Chapter 1, a sol is defined as a 
stable colloidal suspension of solid particles in a liquid. [4.1]  Within this step, a solution of 
metal alkoxide, water, and catalyst is prepared; in this case, tetraethylorthosilicate (TEOS) is 
the alkoxide and hydrochloric acid is the catalyst.  When the water to TEOS ratio is greater 
than 4:1 (10:1, in the case of this study), hydrolysis occurs according to the reaction [4.6] 
      4      4       (4.1). 
Although TEOS and water are generally immiscible at room temperature, the HCl catalyzes 
the reaction under heating and stirring. [4.6]  A simplified illustration of hydrolysis and 
condensation is shown in Figure 4.1.   
 
Figure 4.1: Illustration of the condensation process and formation of siloxane bonds.  
Figure from Reference 4.7.   
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Starting at the top left of Figure 4.1, one sees the structure of TEOS, which 
undergoes hydrolysis.  The double-ended structure in the figure shows an individual siloxane 
bond, also shown in Figure 4.2.  The individual siloxane groups then polymerizes with other 
similar structures to form the cluster at the bottom of the figure.   
 
Figure 4.2: Structure of siloxane group, adapted from Reference 4.7.    
 
Following hydrolysis (though often occurring concurrently) is condensation, in which 
siloxane bonds form via polymerization, producing water or alcohol by-product depending 
on whether it is catalyzed via acid or base, both of which will be discussed further during this 
study. [4.5]  Hydrolysis and condensation rates and mechanisms are both highly dependent 
on the pH of the system, as is shown in Figure 4.3. [4.1]   
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Figure 4.3: Rates of hydrolysis (H) and condensation (C) as a function of pH.  Figure 
adapted from Reference 4.8. 
 
Depending on whether the hydrolysis rate is higher or lower than the condensation 
rate, one can influence the types of structures that form.  When hydrolysis occurs more 
quickly than condensation, generally under acidic conditions, polymeric chains and linear 
gels form, with the reaction speed more dependent on the hydrolysis rate and the proportion 
of water in the system. [4.1, 4.9]  In this situation, particularly in cases low in water with 
respect to TEOS, the hydrolysis of monomers is the dominant reaction, leading to smaller 
polymers with low cross-linking. [4.10]  Conversely, when condensation occurs more quickly 
than hydrolysis, under basic conditions, denser structures form, including colloidal particles. 
[4.1, 4.9-10]  In this case, condensation occurs by base-catalyzed nucleophilic attack of the 
hydroxyl groups on the silicon present and the formation of denser structures. [4.6, 4.910]  
These structures as a function of the pH of the solution are illustrated in Figure 4.4.  Because 
of these different mechanisms that dominate hydrolysis at very high or very low pH, the 
reaction rates are highest at those values, as shown in Figure 4.3.   
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Figure 4.4: Formation of various structures via sol-gel process with an a) acidic solution 
forming polymerized network structures and b) basic solution forming dense structures and 
particles.  Figure from Reference 4.9.   
 
The second step is the sol-to-gel transition.  Here, cross-linking between the siloxane groups 
occurs, the final step in Figure 4.1.  Depending on whether acid catalyzed or base catalyzed, 
the gel network exhibits distinct differences because of the reaction mechanisms discussed 
previously.  It is generally accepted that acid catalyzed gels form lightly cross-linked 
structures, while base catalyzed gels form very densely cross-linked clusters as shown in 
Figure 4.5. [4.6]  This occurs because the hydrolysis reaction occurs more rapidly than 
condensation under basic conditions, whereas under acidic conditions, condensation occurs 
more rapidly.  This does not necessarily mean that the acid catalysis method is unfavorable, 
but that the two methods can be exploited to produce different internal structures, as 
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discussed above (Figure 4.4), for desired applications.  Once the sol-to-gel transition is 
complete, the internal structures are generally considered frozen in place.   
Next, the gel is formed into its final structure, though the formation often is done 
prior to the sol-to-gel transition to allow more control over the shape.  Structures such as 
thin films and powders can be formed via this process. [4.1, 4.5-6]  As discussed in Chapter 
1, the applications of interest are lighting and display systems, which generally use bulk 
materials.  For the purposes of these applications, we will be examining the production of a 
glass composite monolith via sol-gel.   
 
Figure 4.5: Illustration of the different structures formed depending on the catalysis 
method.  Acid catalysis yields a) a loosely cross-linked structure, while base catalysis leads to 
b) a densely cross-linked structure or c & d) colloidal particles. Figure from Reference 4.11. 
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Once the gel has been cast, the drying process begins.  This is a critical step in the 
formation of crack-free monoliths as desired in this work.  A variety of factors are of interest 
in this phase.  A great deal of shrinkage can occur during drying, which leads to crack 
formation.  In order to prevent shrinkage, steps must be taken to reduce the stresses which 
form within the system, particularly the capillary forces from evaporation. [4.5, 4.12]  These 
forces are illustrated in Figure 4.6.  As shown, unequal pore sizes give rise to crack formation 
during evaporation, as the liquids from larger pores will evaporate more quickly during the 
drying process. [4.6, 4.12, 4.4]  During drying, the evaporation of liquid leads to the 
formation of a hydrostatic tension in the liquid (red arrows), which is offset by the axial 
compression within the solid (purple arrow). [4.1]  This leads to shrinkage of the gel, which 
causes further evaporation.  Unequal pore sizes lead to uneven evaporation of the liquid, 
thus these compressive forces are not equally distributed, giving rise to crack formation.   
 
 
Figure 4.6: Schematic diagram of the forces leading to crack formation during the drying 
process of sol-gel formation: a) wet gel and b) gel in drying process.  The purple arrow 
indicates axial compression, while the red arrows indicate the hydrostatic tension within the 
liquid.  Figure adapted from References 4.1 and 4.5. 
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A uniform distribution of pores can alleviate some of these stresses, as well as larger pore 
sizes.  Capillary forces increase with decreasing pore size. [4.12]  Additionally, non-uniform 
pore distribution leads to uneven evaporation which, in turn, causes cracking. [4.5-6]  
Another option is the use of additives to reduce the evaporation rate.  This modification will 
be addressed further as results are discussed.   
The final step is the transition from gel-to-glass by way of heat treatment.  The term 
‘gel’ is used for multiple purposes when discussing these materials.  In this case, we are 
discussing the state of the material at this point in the process.  As is commonly done, we 
may also refer to the finished product of this process as the gel.  Thorough study has been 
done previously to understand the various phases of the densification process. [4.6, 4.13]  
When heated at a steady rate, a three-step process is observed.  Within the first region, at 
temperatures below 150˚C, weight loss occurs with no shrinkage, indicating the evaporation 
of solvents (water or alcohol) from the system.  Region two, occurring between 150˚C and 
525˚C, weight loss and shrinkage both occur.  In this region, the weight loss is due to 
removal of water and the oxidation of residual material.  Shrinkage occurs as a result of 
skeletal densification by way of polymerization or relaxation.  During this phase, stresses in 
the structure form, increasing with the size of the sample. [4.12]  A greater pore volume 
dissipates some of these stresses as they form; however, too high a pore volume also leads to 
a weaker internal structure.  Above approximately 525˚C, the third phase sees shrinkage with 
no weight loss as a result of viscous sintering, where material moves, often causing 
densification, as particles fuse, however no material is lost. [4.5]  It should be noted that the 
exact temperatures at which these regions occur at are subject to slight changes due to 
89 
 
variations in composition and that these given temperatures are for a pure silica 
composition.   
Sol-gel processing has been previously applied to the development of 
nanocomposites, as addressed in Chapter 1. [4.14]  In the case of a study of Eu:Y2O3 in 
silica, yttrium nitrate was incorporated into the sol. [4.15]  Once the final gel had been cast 
and dried, samples were heat treated to induce formation of Eu:Y2O3 nanostructures within 
the system.  Along with the use of Y2O3, this and similar processes have been demonstrated 
with other compositions including Fe2O3, LaF3, and CaF2. [4,16-19]   
We intend to develop composites by incorporating as-produced nanoparticles into 
the sol during synthesis rather than by inducing their formation via heat treatment; we also 
examine the presence of crystalline Y2O3 and YAG during the sol-gel process.  It is our aim 
to develop an understanding of the changes introduced to the sol-gel process by the 
incorporation of nanoparticles.  We also investigate the optical properties of these 
nanoparticles after incorporation into a sol-gel medium as an indication of the bulk 
material’s ability to serve in the applications that have been discussed at length in Chapter 1.   
In addition to developing an understanding of the composite system, each glass 
sample produced was characterized according to the following set of selection criteria, 
established as a means of establishing which samples would need further examination:  
1) Monolithic.  This will be confirmed via visual observation. 
2) Crack-free.  This will be confirmed via visual observation. 
3) Homogeneous.  This will be confirmed via visual observation and EDX. 
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4) Crystalline Y2O3 or YAG present.  This will be confirmed via XRD. 
5) Optically active.  This will be confirmed via photoluminescence 
measurements. 
For the purpose of this work, we define monolithic as being approximately 1 cm2 in 
size and having a thickness of 3-4 mm.  This dimension has been chosen in order to be 
comparable to transparent ceramics prepared by this group, which have a diameter of 1 cm, 
and to demonstrate the viability of these materials in commercial applications. [4.20]  In 
addition, considering that our intent is to create a reproducible method that is applicable for 
a variety of optical applications, we will be examining the material for transparency.  A visual 
inspection is enough to indicate internal flaws, as an increase in pores and cracks leads to a 
rise in opacity.   
The criterion that a sample be crack-free is due to the rise in scattering in materials 
with defects. [4.13]  Because sol-gel materials experience such a high degree of shrinkage 
during heat treatment in comparison with the particles that are being incorporated, the 
material is likely to have trapped porosity around the nanoparticles.  In addition, large 
stresses occur during sintering that may make the material weaker, structurally.  As high 
loading can increase the extent of these issues, we will attempt a reasonably small amount of 
nanoparticle doping.   
In the case of samples produced without nanoparticles, homogeneity is easily 
achievable.  For the composite materials that are our goal, we must consider the dispersion 
of the nanoparticles in the sol and, consequently, the gel.  In addition to being a measure of 
the quality of the process, homogeneity is important to reduce the possibility of optical 
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anisotropy.  For the purpose of this discussion, we are referring to the particle dispersion 
when examining homogeneity.   
It is important to demonstrate the stability of the nanoparticles through the sol-gel 
synthesis process.  In the case of the composite materials, the crystalline phases present in 
the final product are a measure of the stability of the nanoparticles within the matrix.  As the 
photoluminescence of the nanoparticles being incorporated into the sol-gel has been 
demonstrated, the same must be shown for the final composite to ensure the viability of the 
composite for optical applications.   
In order to reduce confusion during the discussion, we will present yttria and YAG 
composites separately.  We will first discuss the methods and results for yttria-based 
composites in Section 4.2 and 4.3 prior to presenting the methods and results for YAG-
based composites in Sections 4.4 and 4.5.   
 
4.2 GENERAL SOL-GEL SYNTHESIS METHODS 
These methods were selected because of their previous use. [4.21]  As each sample 
set was produced and characterized, changes were made to these procedures.  Changes will 
be outlined in the results section as they are made.   
 
 
 
92 
 
Acid Catalysis 
 Samples were produced using a solution consisting of tetraethylorthosilicate (TEOS, 
Acros Organic, 98%), deionized water, and hydrocholoric acid solution (HCl, Fluka, 4.0 M).  
The solution was heated, while stirring, to 50˚C.  Once that temperature was reached, 
stirring was continued until a clear sol had formed.  The sol was then stirred at 50˚C for 
another 10 minutes before being cast into a petri dish for gelation.  Initially, plastic petri 
dishes were used.  Once it was observed that heating of the dishes led to discoloration of the 
dishes and the samples, it was decided that glass petri dishes were more suitable.  Samples 
were left to gel and air dry in a fume hood, covered, for two weeks.  They were then placed 
in a drying oven at 60˚C for 3 days, under vacuum.  The drying oven temperature is 
constantly kept at 60˚C.  This temperature can be assumed for any mention of the drying 
oven being used.  Once completely dried, samples were fired at a ramp rate of 1˚C/minute 
to 1000˚C followed by a ramp rate of 30˚C/minute to room temperature. 
Initial sample firing followed this schedule with no hold at temperature.  These 
methods were modified through the course of the study and will be noted for each sample.  
Except where otherwise noted, all samples were fired in air.  Any yttrium-based particle or 
precursor addition occurred at the point the TEOS solution became clear in the form of a 
solution containing a 50/50 mixture of deionized water and ethanol (200 proof).  This 
solution was prepared separately then poured into the TEOS solution.  Modifications to 
these methods were made as necessary to produce the desired resulting gels.   
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Base Catalysis 
Samples produced via base catalysis were begun similarly to acid catalysis methods.  
Samples were produced using a solution consisting of TEOS, deionized water, and 
hydrochloric acid solution.  The solution was heated, while stirring, to 50˚C.  Once that 
temperature was reached, the solution was stirred until a clear sol had formed.  The sol was 
then stirred at 50˚C for another 10 minutes before being cast into a glass petri dish for 
gelation.  At this point in the process, several variations were made, including the soaking of 
samples in ammonium hydroxide (BDH, 20-30%).  Further details of these variations will be 
discussed in this chapter’s results section.  Samples were left to gel and air dry in a fume 
hood, covered, for two weeks.  They were then placed in a drying oven at 60˚C for 3 days, 
under vacuum.  Once completely dried, samples were fired according to the same schedule 
as with acid catalysis.  Except where otherwise noted, all samples were fired in air.  Any 
yttrium-based particle or precursor addition occurred at the point the TEOS solution 
became clear in the form of a separate solution with water and ammonium hydroxide.  
Modifications to these methods were made as necessary to produce the desired resulting 
gels.   
It should be noted that, for acid and base catalysis, air drying time was varied 
depending on the behavior of the gel sample.  If the material began to pull away from the 
edges of the petri dish or if cracks began to form, samples were moved to the drying oven 
early.  Conversely, if samples appeared to still be wet, they were allowed to air dry for a 
longer period of time.  These observations account for any variations in air drying time that 
will be noted in the following section.   
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4.3 YTTRIA SOL-GEL COMPOSITE RESULTS AND DISCUSSION 
 
Acid Catalysis 
Undoped SiO2 Gels via Acid Catalysis 
Samples in this category were produced with no yttrium in them as a means of 
determining the best conditions for producing clear, crack-free glass monoliths prior to the 
introduction of optically active materials.  Each sample was produced exactly as given in the 
experimental procedures.  Of the three samples, two were placed under vacuum while in the 
drying oven.  Observations about the conditions of each sample after firing were made and 
recorded in Table 4.1.   
 
Table 4.1: Silica-only sol-gel sample variations and post-firing observations.   
Sample Vacuum Color Opacity Cracks Piece Size 
S1 yes 
clear at surface, 
white inside 
mostly opaque n/a 
small, some 
granules 
S2 yes 
clear at surface, 
white inside 
mostly opaque n/a 
small, some 
granules 
S3 no 
clear at surface, 
white inside 
mostly opaque no medium-large 
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Figure 4.7: Image of sample S3. Dime included for scale. 
 
As indicated in the table, sample S3 was dried at atmospheric pressure instead of 
under vacuum.  Resulting samples were monolithic and crack-free, though semi-opaque 
(Figure 4.7).  The addition of vacuum to the drying process would naturally accelerate the 
evaporation rate.  As no attempt was made to control the pore size, it is likely that the 
samples produced have irregular pores (both in size and in distribution), thus an accelerated 
evaporation rate due to the addition of vacuum caused an increase in the capillary stresses 
within the system.  Given these results, the drying process for sample S3 was repeated using 
yttrium nitrate as a precursor.   
 
Y(NO3)3 Precursor Samples 
Samples in this group were produced containing yttrium nitrate (Strem Chemical, 
99.9%) precursor in an effort to produce clear, crack-free monoliths containing crystalline 
Y2O3.  This precursor was selected for further analysis as it is the precursor used previously 
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to produce Y2O3 nanoparticles through hydroxide precipitation.  Each sample was produced 
as given in the experimental procedures except for the inclusion of the yttrium precursor 
solution.  It should also be noted that of the five samples, only the first one (N1) was placed 
under vacuum while in the drying oven, because vacuum was shown unnecessary by 
previous results.  A solution of yttrium nitrate and the 50/50 water/ethanol mixture was 
prepared and stirred until completely dissolved.  This solution was poured into the TEOS 
solution after the point a clear sol had formed.  All samples were in the drying oven for a 
period of three days.  Observations and sample variations are given in Table 4.2.   
 
Table 4.2: Sol-gel with Y(NO3)3 precursor sample variations and post-firing observations.   
Sample 
Air dry 
time 
Firing 
Conditions 
Color Opacity Cracks 
Piece 
Size 
N1 2 weeks 
1000˚C 
no hold 
white, pearly 
sheen on surface 
opaque many 
small-
medium 
N2 2 weeks 
1000˚C 
no hold 
white translucent many medium 
N3 2 weeks 
1000˚C 
no hold 
clear, yellow from 
reaction with 
plastic container 
transparent some large 
N4 1 week 
1000˚C 
3 hr hold 
clear transparent no large 
N5 1 week 
1000˚C 
3 hr hold, O2 
flow 
clear transparent no large 
 
 
 In the case of these samples, variations were made in drying time; additionally, 
changes were made in the firing schedule, both in time and in atmosphere.  Given what is 
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known about the gel-to-glass transition of silica glass via sol-gel, it was determined that no 
change in the firing temperature was necessary.  The firing temperature of 1000˚C is above 
the average glass transition temperature of silica produced via sol-gel and is also above the 
temperature regions where volatiles are removed and densification occurs.  An added hold of 
three hours at the maximum firing temperature was used to examine the effects on cracking, 
as it is within the range of maximum shrinkage and should allow a greater amount of time 
for sintering to occur.  Three hours was selected as it is comparable to the hold times 
associated with powder synthesis methods used by this group (see Chapter 3).  As noted in 
the table, both N4 and N5 were transparent and crack-free following firing.  From these 
results it appears that remaining at the firing temperature for a sustained period of time 
prevents the formation of cracks in the system.  Samples fired with no hold at temperature 
were observed to be cracked after processing.  As mentioned, this hold time is within the 
temperature range where the majority of shrinkage occurs due to viscous sintering which, it 
seems, allows further strengthening of the structure and prevents crack propagation within 
the material.  In addition, the samples were highly transparent, indicating a high degree of 
homogeneity.  This can be clearly seen in Figure 4.8.   
 
98 
 
 
Figure 4.8: Image of glass sample N4 
 
In addition to visual observations, fired glasses were analyzed via XRD.  Samples 
were shown to contain no crystalline Y2O3 as was hoped.  In Figure 4.9, two broad peaks can 
be seen for all three samples which can be attributed to the primary silica and yttria peaks.  
The primary peak for crystalline Y2O3 is located at 29.15˚ 2θ, which corresponds to the 
location of the right-hand broad band in the spectra. [4.22]  The other broad peak is 
attributed to SiO2, whose primary peak is centered near 20˚ 2θ. [4.23]  Despite the lack of 
crystallinity, this set of samples did provide valuable information regarding transparency, 
crack formation, and firing time.  These same firing variations were repeated during the 
production of future sample groups.    
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Figure 4.9: XRD spectrum of a) sample N2, fired at 1000˚C with no hold in air, b) sample 
N4, fired at 1000˚C for 3 hours in air, and c) sample N5, fired at 1000˚C for 3 hours under a 
flow of O2.  
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Y(NO3)3 Precursor Samples Produced using Ethylene Glycol 
 As with the previous group, this sample set was produced using Y(NO3)3 precursor; 
however, in this case, ethylene glycol (Sigma Aldrich, 99.8%) was added to the yttrium 
nitrate solution, replacing the 50/50 water/ethanol mixture in one of two ratios: 10 to 2 
ethylene glycol to water/ethanol (called low ethylene glycol in Table 4.4) or 5 to 7 (high 
ethylene glycol).  As discussed previously, evaporation rate is a critical factor in crack 
formation during the drying process.  In order to decrease the evaporation rate, a solvent 
with a higher temperature of vaporization can be substituted into the system. [4.1, 4.6]  
Formamide has been used previously, but was not selected due to its associated health risks. 
[4.1, 4.6, 4.24]  A comparison of the temperature of vaporization of readily available solvents 
was performed.  These values can be found in Table 4.3.   
 
Table 4.3: Table of the temperature of vaporization of selected solvent.  Values taken from 
Reference 4.25.   
Solvent 
Temperature of Vaporization 
(in ˚C)at 100 kPa 
Water 99.6 
Methanol 64.2 
Ethanol 78.0 
Formamide 218 
DCM 40.5 
THF 65.6 
Toluene 110.1 
Hexanes 68.3 
Benzene 79.7 
Ethylene Glycol 196.9 
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Formamide and methanol were considered as the high and low benchmarks, 
respectively, because of their previous use in comparative studies. [4.26]  Based on these 
values, ethylene glycol was selected for its vapor pressure as compared to that of formamide.  
Along with the inclusion of a chemical additive, samples were produced in two thicknesses 
to determine if thickness of the sample has an effect on the drying rate of the gels and, thus, 
the crack formation of the sample.  Each of these variations was examined to determine 
their effect on drying time and cracking.  All samples were air-dried in a fume hood for a 
period of one week, and then were placed in the drying oven for three days with no vacuum.  
Observations and variations in synthesis methods are noted in Table 4.4.   
 The same broad double peaks that were visible in previous XRD spectra are 
visible with the spectra for this sample group (Figures 4.10).  As with yttrium nitrate samples 
produced with no ethylene glycol additive, the two broad spectral features can be attributed 
to the presence of Si and Y based structures. [4.22, 4.23]  No discernible difference is evident 
between the three firing variations as far as XRD results are concerned; however, it seems 
that firing methods have some effect on the presence of cracks in the system as described in 
Table 4.4.  Oxygen flow during firing doesn’t seem to be necessary as it consumes a great 
deal of oxygen but has no observable effect as demonstrated with XRD results.  Visual 
observations also do not indicate any benefit from the flow of oxygen during the firing 
process.  Additionally, the thickness of samples did not seem to have an effect on crack 
formation.  This can also be seen in the observations recorded in Table 4.4.   
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Table 4.4: Sol-gel samples produced with Y(NO3)3 precursor and ethylene glycol variations 
and post-firing observations. 
Sample Other Notes 
Firing 
Conditions 
Color Opacity Cracks Piece Size 
E1 
thin pour, low 
ethylene glycol 
1000˚C 
no hold 
white opaque some very small 
E2 
thick pour, 
low ethylene 
glycol 
1000˚C 
no hold 
white opaque some very small 
E3 
thin pour, high 
ethylene glycol 
1000˚C 
no hold 
white opaque some medium 
E4 
thick pour, 
high ethylene 
glycol 
1000˚C 
no hold 
white 
mostly 
opaque 
many medium 
E5 
thick pour, 
high ethylene 
glycol 
1000˚C 
3 hr hold 
white translucent some 
very small, 
shattered 
pieces 
E6 
thick pour, 
high ethylene 
glycol 
1000˚C 
3 hr hold, 
O2 flow 
white 
mostly 
opaque 
many very small 
E7 
thick pour, 
low ethylene 
glycol 
1000˚C 
3 hr hold 
white opaque n/a powder-fine 
E8 
thick pour, 
low ethylene 
glycol 
1000˚C 
3 hr hold, 
O2 flow 
white opaque some 
medium 
pieces 
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Figure 4.10: XRD spectrum of a) sample E4, fired at 1000˚C with no hold in air, b) sample 
E7, fired at 1000˚C for 3 hours in air, and c) sample E8, fired at 1000˚C for 3 hours under 
O2.  
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Figure 4.11: Image of sample E7, fired at 1000˚C for 3 hours in air.  
 
It appears that ethylene glycol was of no benefit to the drying process.  If anything, 
the use of ethylene glycol was detrimental to the process, as samples produced with low 
ethylene glycol formed small, granular pieces (Figure 4.11).  Samples produced with high 
ethylene glycol were very cracked and/or shattered in comparison to samples in the previous 
set, which were mostly crack-free and transparent.  Although monolithic after drying and 
prior to firing, these samples were found to be granular after thermal processing.  For weakly 
cross-linked gels, skeletal densification is the dominant shrinkage mechanism during firing 
rather than polymerization. [4.13]  In addition, the slower drying rate of the gel due to the 
addition of the chemical drying agent (ethylene glycol) would indicate that more of the 
drying agent is likely present at the time of firing.  A higher pore volume will remain once 
the ethylene glycol has volatilized.  As discussed in the introduction, increased internal 
surface area would lead to a weaker structure.  The development of stresses during the 
second phase of firing, where the ethylene glycol is burned off, combined with the suspected 
higher pore volume were clearly enough to propagate through the entire material during 
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firing, and cause a breakdown of the monolith into the resulting granular pieces. [4.12]  
Future samples did not have ethylene glycol included in the system.   
 
YCl3 Precursor Samples 
 This set of samples was produced using YCl3 (Acros Organic, 99.9%) precursor.  
Both samples were produced using 50/50 water/ethanol as the solvent in the yttrium 
precursor solution.  Gels were air dried for one week and then dried in an oven for three 
days without the use of vacuum.  Variations in firing conditions and general observations are 
given in Table 4.5. 
 
Table 4.5: Table of variations and post-firing observations of sol-gel samples produced 
using YCl3 precursor. 
Sample Firing Conditions Color Opacity Cracks Piece Size 
C1 1000˚C, no hold clear mostly transparent no medium-large 
C2 1000˚C, 3 hr hold clear mostly transparent very few medium-large 
 
 Samples were analyzed via XRD, and the resultant spectra for both samples are given 
in Figure 4.12.  As with previous samples, no crystallinity was observed regardless of firing 
conditions, though the same two broad features were present again, indicating Si- and Y- 
based structures. [4.22, 4.23]   
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Figure 4.12: XRD spectrum of samples fired at 1000˚C.  a) Sample C1 with no hold and b) 
Sample C2 with a three hour hold.  
 
Although no crystalline Y2O3 was formed in the system during heat treatment, 
samples were semi-transparent and reasonably crack-free, again confirming the choice to 
omit ethylene glycol in future samples.  Sample C2 is shown in Figure 4.13.  The given image 
can be considered as representative of both samples.   
 
 
Figure 4.13: Image of sample C2, sol-gel containing YCl3 precursor, fired at 1000˚C with a 
three hour hold. 
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 We have previously produced samples via sol-gel method using different solvents 
which resulted in the formation of crystalline yttria (see Appendix D).  The sol-gel prepared 
previously involved the use of methanol instead of ethanol.  It has been noted that 
hydrolysis rate is affected by the size of alkoxy group present. [4.6, 4.27]  Hydrolysis rate 
decreases with size of the alkoxy group because of the exchange of these groups between 
solvent and the alkoxide; thus, in a sample containing ethanol instead of methanol, 
hydrolysis would occur more slowly.  This slower rate, however, allows complete hydrolysis 
prior to condensation, leading to a more densely cross-linked network within the gel.  It is 
likely that, with the rapid hydrolysis of the methanol-containing system, there remained more 
space within the gel network for the oxide to crystallize upon firing.  In this case, the denser 
network prevented the movement of ions necessary for crystallization of Y2O3.  Further 
study would be necessary to confirm this theory.   
 
Fluoride-Precipitated Particle Gels 
 Samples in this category are presented in two groups.  The first group were produced 
via the previously given method of casting the sol into a glass dish and leaving covered to gel 
and dry in a fume hood at room temperature.  Both samples in this group were air dried for 
4 days, then placed in a drying oven for 3 days.  Variations and observations for this set are 
noted in Table 4.6.   
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Table 4.6: Observations and post-firing variations of cast sol-gel samples containing 
fluoride-precipitated particles.  
Sample 
Firing 
Conditions 
Color Opacity Cracks 
Piece 
Size 
Other 
F1 
1000˚C, no 
hold 
white opaque few large 
crumbly on bottom, 
particles settled before 
gelation completed 
F2 
1000˚C, 3 
hr hold 
white opaque few large 
crumbly on bottom, 
particles settled before 
gelation completed 
 
 
 
Figure 4.14: Images of top surface (left) and bottom surface (right) of sample F1.  
 
 As noted in Table 4.6, settling was observed during the gelation process, though this 
was expected given the time between casting the sol and solidification of the gel, which is on 
the scale of a few hours.  This can be seen in Figure 4.14, where the top surface (a) is glassy, 
while the bottom surface (b) is powdery.  Due to this settling, XRD was performed on both 
the top and bottom surfaces of the material.  The result given in Figure 4.15 is of the bottom 
surface, as the top surface showed no crystallinity.  
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 The crystalline peaks of the XRD spectrum for both samples were identified and 
compared to the standard peaks for Y2O3.  The XRD spectrum for sample F1 is given in 
Figure 4.15 and is representative of both F1 and F2.  The primary peak can be attributed to 
the primary peak for cubic yttria, though it is also close in location to that of yttrium silicates 
and yttrium fluorides.  The diffraction standards for a variety of different phases were 
examined: cubic yttria [4.22], yttrium silicate (Y2SiO5 [4.28] and Y2Si2O7
 [4.29]), silica [4.23], 
and a variety of fluorides: yttrium oxide fluoride (YOF) [4.30], yttrium fluoride (YF3) [4.31], 
and ammonium yttrium fluoride (NH4Y2F7) [4.32].  From these standards, it was determined 
that a combination of yttria and yttrium fluoride were present. [4.22, 4.31]  Although we 
have demonstrated in Chapter 3 that ammonium yttrium fluoride converts to yttria at the 
temperatures used to produce this sol-gel, a complete reaction was not obtained during this 
process.  It has been shown that ammonium yttrium fluoride can convert to yttrium fluoride 
at as low as 500˚C. [4.33]  It is our belief that the ammonium yttrium fluoride particles first 
convert to yttrium fluoride before converting to yttria during the firing process.  With 
incorporation of the particles into the silica network, the sol-gel may have hindered the 
complete oxidation process, thus leading to the presence of both the yttria and yttrium 
fluoride phases.  Regardless of the phases identified via XRD, the nanoparticles weren’t 
completely incorporated into the silica matrix.  Due to this issue, changes were made to the 
synthesis method for the second group of samples.   
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Figure 4.15: XRD spectrum of sample F1.  Circles indicate peaks consistent with crystalline 
yttria, while diamond shapes indicate peaks consistent with yttrium fluoride. [4.22, 4.31]  
 
The second group were produced via the same recipe as for the first sample set, but 
were prepared in a shallow dish and left to stir at 50˚C until the sol-to-gel transition had 
gone to completion rather than casting into petri dishes.  Samples were then covered to dry 
in air in a fume hood for 11 days, and then placed in a drying oven for 3 days without 
vacuum.  Variations in sample processing are recorded in Table 4.7, along with observations.   
 
Table 4.7: Observations and post-firing variations of stirred sol-gel samples containing 
fluoride-precipitated particles. 
Sample Firing Conditions Color Opacity Cracks Piece Size 
F3 1000˚C, no hold white opaque no small-medium (varied) 
F4 1000˚C, 3 hr hold white opaque no small-medium (varied) 
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Figure 4.16: XRD spectrum of a) sample F3, fired at 1000ºC with no hold and b) sample F4, fired 
at 1000ºC with a 3 hour hold.  The red asterisks indicate peaks due to the aluminum sample holder.  
Circles indicate peaks consistent with crystalline yttria, while diamond shapes indicate peaks 
consistent with yttrium fluoride. [4.22, 4.31]   
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 The XRD spectrum of sample F3 is given in Figure 4.16 (a).  It has been 
demonstrated in the Chapter 3 that fluoride precipitated nanoparticles were converted 
completely to Y2O3 at 1000˚C.  The crystalline peaks seen in the XRD spectrum for sample 
F3 were matched to those of the same cubic crystalline Y2O3 standard matched previously. 
[4.22]  In Figure 4.16 (b), it appears that cubic Y2O3 was present in sample F4, though 
remnants of the yttrium fluoride appear at around 32˚ 2θ and at around 50˚ 2θ. [4.31]  The 
two tall peaks located at 39˚ 2θ and 45˚ 2θ (indicated by asterisks) are attributed to the 
aluminum sample pan used during XRD. [4.34]   
The incomplete oxidation of sample F4 can likely be attributed to an increased hold 
time during firing.  The two samples (F3 and F4) were prepared in the same batch, then 
divided for different firing processes, thus the hold time is the only known variation between 
the two.  It is likely that the increased time allowed for interaction between the nanoparticles 
and the silica matrix, again inhibiting the oxidation of the fluoride nanoparticles.  As can be 
seen in Figure 4.17, samples were not cracked; however, fairly small pieces were formed.   
 
Figure 4.17: Image of sample F3, sol-gel composite produced with fluoride-based 
nanoparticles.  
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 Photoluminescence of this sample was performed, as Y2O3 was formed 
successfully (Figure 4.18).  Both samples exhibit well-defined emission peaks at 611 nm, 
representing the 5D0
7F2 transition as with the original powder discussed in Chapter 3.  The 
spectra have been normalized to the peak at 590, where the 5D0
7F1 transition is located, as 
this peak is independent of environment. [4.37, 4.38]   
 
Figure 4.18: Emission spectra of samples produced with fluoride-based particles.  Spectra 
have been normalized to the peak at 590 nm.  Solid black line indicates sample F3.  Dashed 
blue line indicates sample F4.  The dotted red line is the emission spectrum of as-made yttria 
nanoparticles for comparison.  Excitation wavelength is 257 nm.   
 
As detailed in Chapter 3, the ratio of selected peak intensities for Eu3+ emissions can 
be used to compare ionic coordination symmetry within a system.  In the case of this sample 
group, the hypersensitivity ratio gives an indication of the changes in phase and slight 
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changes in composition between the two samples.  For sample F3 (black line), which 
converted fully to Y2O3 during calcination, the ratio is approximately 7:1, while the ratio is 
around 4.5:1 for sample F4 (blue line).  This difference indicates a higher degree of 
asymmetry of the europium environment in the sample that contained fluoride particles 
completely converted to Y2O3, with a ratio close to that of hydroxide precipitated Y2O3 
(10:1).  These differences in network organization are consistent with the XRD results.  As 
seen in Figure 4.19, yttrium in the C2 site in Y2O3 is asymmetrically coordinated. [4.39]  It is 
in this site that europium is known to substitute into in the crystal. [4.40-43]   
 
 
Figure 4.19: Coordination of yttrium ions within yttria.  Gray circles represent oxygen ions, 
while the smaller black circles are representative of yttrium ions.  In the case of the addition 
of an europium dopant, the ions substitute into the C2 site (upper right).  Adapted from 
Reference 4.39.   
 
Yttrium fluoride, on the other hand, is slightly more symmetric in its coordination when 
compared with yttria. [4.44]  The fluorine atoms arranged around the yttrium ion can be seen 
in Figure 4.20.  Based on these figures and on the comparative photoluminescence 
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intensities, we can observe a slightly greater degree of symmetry for the sample containing a 
mixture of yttrium fluoride and yttria when compared to the sample containing solely yttria.  
This is not to say that the fluoride system is perfectly symmetrically coordinated; rather, the 
system is more symmetrical than pure yttria.  
 
Figure 4.20: Coordination of yttrium in YF3.  Yttrium is the smaller center atom in the 
figure.  Figure from Reference 4.44.  
 
Y2O3 Nanoparticle Gels 
Each sample from this set was produced using the hydroxide precipitated europium 
doped Y2O3 nanoparticles discussed previously with the exception of the first sample, which 
was produced using the hydroxide precipitated undoped Y2O3 nanoparticles.  With the 
exception of sample Y1, all samples were produced with 50/50 water/ethanol solutions.  
Sample Y1 was cast to dry and was placed under vacuum in the drying oven.  All other 
samples were stirred until fully gelled and placed in a drying oven.  All samples were either 
cracked or were shattered into small enough pieces that cracking could not be evaluated.  
Additionally, finished samples were white and opaque, except for sample Y1.  The 
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transparency of sample Y1 was likely a result of the settling of particles which was observed 
during the sol-to-gel transition.  Further sample variations are outlined in Table 4.8.  For all 
of these samples, the term homogeneity, given in the table, is used to describe particle 
dispersion in the sol-gel rather than the traditional use of the term.  As it is our goal to 
prepare a sample containing well-distributed nanoparticles, we chose to borrow this term for 
our purposes.  Given this definition, it can be seen all of the samples produced had 
homogeneity issues, mainly due to settling during the sol-to-gel transition.   
 
Table 4.8: Table of sample variation and post-firing observations of sol-gel composites 
produced via acid catalysis and containing Y2O3 nanoparticles.  
Sample 
# 
Y2O3 
Air dry 
time 
Oven 
dry time 
Firing 
conditions 
Piece Size 
Particle 
Dispersion 
Y1 0.1g 2 weeks 3 days 1000C, no hold small granules 
 
Y2 1.13g 2 days 1 day 1000C, no hold granules 
not 
homogeneous 
Y3 1.13g 2 days 1 day 1000C, 3 hr hold 
mixed-size 
granules 
not 
homogeneous 
Y4 .45g 2 days 4 days 1000C, 3 hr hold small granules 
not 
homogeneous 
Y5 .45g 2 days 1 day 1000C, 3 hr hold 
small granules 
and powder 
semi-
homogeneous 
Y6 .34g 3 days 1 day 1000C, 3 hr hold 
small granules 
and powder 
somewhat 
homogenous 
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Figure 4.21: Image of sample Y6, sol-gel sample produced via acid catalysis and containing 
as-prepared Eu:Y2O3 nanoparticles. 
 
 Sample Y6, shown in Figure 4.21, is representative of all samples produced in this 
group.  It can be seen that the sample appears homogeneous, but that the material did not 
remain monolithic upon drying and firing, likely due to a high pore volume which, as 
mentioned previously, can cause a weaker internal structure. [4.12]  More pressing issues, 
however, arise from the given XRD results, as crystallinity was again not present.   
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Figure 4.22: XRD spectrum of a) sample Y2 (no hold, air), b) sample Y5 (3 hour hold, air) 
and c) sample Y6 (3 hour hold, air).   
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 Based on the XRD spectra (Figure 4.22), which show that no crystallinity is present 
despite the use of crystalline Y2O3 nanoparticles in the system, we can deduce that some sort 
of chemical degradation is occurring during sol-gel processing, likely due to the attack of the 
acidic environment on the nanoparticles.  It is known that Y-based nanoparticles, including 
YAG, can be prepared via the dissolution of Y2O3 in various acids, with an estimated 
average pH of 1.0. [4.45-47]  Previously, it was assumed that, though acidic, the precursors 
and solvents involved in the process were dilute enough to raise the pH of the final solution 
above such a low pH.  It was undertaken to determine the pH of the various solutions 
involved in the process.  The initial pH of the TEOS used was 2.81, while the final solution 
of TEOS, deionized water, and hydrochloric acid solution had a measured pH of 0.18.  It 
should be noted that, due to the initial immiscibility of the TEOS and water the pH of this 
solution was measured after heating to form a clear sol.  The solution consisting of Y2O3 
nanoparticles and a 50/50 water/ethanol mixture was measured to have a pH of 4.0.  
Because of the strongly acidic nature of the TEOS solution, the final mixture of the two 
solutions was found to have a pH of 0.88.  Given that this pH is at or near the pH used to 
dissolve Y2O3 powders for the production of nanoparticles, it can be reasonably assumed 
that the particles being incorporated into this system are dissolving during processing, hence 
the lack of yttria observed in Figure 4.22.  
 
pH Study of Nanoparticle Suspensions 
 The use of Y2O3 nanoparticles has presented two problems up to this point.  First, 
the particles would not remain in suspension during the sol-to-gel transition, preventing the 
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formation of homogeneous gels.  The more pressing issue was that nanoparticles were being 
dissolved by the solution and were no longer crystalline.  Investigators have previously 
studied the zeta potential of yttria nanoparticles in suspension. [4.48]  Because immediate 
resources for examining the zeta potential were not available, other courses were considered.  
Given that zeta potential can be measured as a function of pH, it seemed plausible that 
adjusting the pH of the system could solve both issues with regard to yttria nanoparticles. 
Based on previous studies, we can use a zeta potential of 20 mV as the cut-off for stability in 
a system. [4.49-51]  It has been shown that yttria nanoparticles can be suspended at levels 
above that value, thus it was determined that a very basic system would be necessary.   
In order to determine an acceptable pH for our nanoparticles, a suspension of 0.05g 
Eu:Y2O3 and 10mL NH4OH was prepared and stirred for a short period of time. After 
stirring, an initial pH was taken. Small volumes of HCl solution were added and the pH 
monitored.  Observations were recorded while the solution was stirred on a magnetic stir 
plate.  After the solution had rested for a period of time, its stability was noted.  These 
observations are recorded in Table 4.9.   
 
Table 4.9: Table of observed changes to stability of Eu:Y2O3 nanoparticles in ammonium 
hydroxide with addition of HCl solution.  
Total mL HCl pH Stability while stirring Stability after resting (5 minutes) 
0.0 12.234 suspended stable 
1.6 10.445 suspended small amount of settling 
5.0 9.819 suspended mostly settled 
11.4 8.843 suspended fully settled 
17.0 6.97 semi-suspended fully settled after 2 minutes 
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The volume of HCl solution added in each step was selected arbitrarily, as the rate at 
which the HCl volume would affect the pH was unknown.  Based on the observations from 
this study, it was determined that a solution pH of 10-12 was ideal for producing fully 
homogeneous samples containing Y2O3 nanoparticles, as a lower pH introduced too much 
instability into the suspension.  From these observations, it was determined that a base-
catalysis method would be better suited to the nanoparticles being used than the acid 
catalyzed system.   
 
Base Catalysis 
Silica-Only Gels 
 In the first group of base catalyzed samples, two methods were pursued.  As these 
two methods are vastly different from each other and from the procedures given in the 
experimental methods, the full procedure will be outlined here.  The first method, based on 
previous work, yielded one sample, sample B1. [4.52]  The TEOS solution consisted solely 
of TEOS and ethanol and was stirred until clear at room temperature.  The second solution 
consisted of ethanol, deionized water, ammonium hydroxide and ammonium fluoride.  This 
solution was added to the TEOS solution and the mixture was stirred until clear.  The 
sample was then cast into a glass petri dish and allowed to gel.  Gel time was approximately 
45 minutes, at which point sufficient 50/50 water/ethanol was added to cover the surface of 
the sample for 48 hours.  Finally, the sample was soaked in pure ethanol for two days, and 
then dried in the vacuum oven for 12 hours at 250˚C under vacuum.  The purpose of 
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soaking samples is to control the pH in order to allow the structure to strengthen through 
the hydrolysis and condensation prior to gelation.  Two different pH soakings are simply to 
maintain control over the system.  As the gel is base catalyzed, soaking immediately in 
ethanol could shock the system.  Instead, the pH is slowly changed by soaking first in a 
water/ethanol blend.  Samples were then fired at 650˚C, with a 12 hour hold with a ramp 
rate of 1˚C/minute.  Firing temperatures were adapted from procedures developed by 
previous members of this group. [4.24]   
 The second method yielded two samples, B2 and B3.  This method consisted of a 
TEOS solution like that used in the acid catalysis methods.  Samples were cast and left to dry 
in a fume hood, covered, for 48 hours.  The samples were then soaked in ammonium 
hydroxide (BDH, 20-30%), covered, for another 48 hours.  This method was adapted from 
previous work by this group in an attempt to replicate the results. [4.24]  The purpose of 
soaking in ammonium hydroxide is to assist the sol-to-gel transition and stabilize the 
structure.  Following this soaking, the remaining liquid was removed, and the resulting 
material was placed in the drying oven for 12 hours at 250˚C.  Samples were then fired at 
650˚C, with a 12 hour hold.  Variations and observations for these samples are given in 
Table 4.10.  With the exception of the black residue in sample B2, which will be discussed at 
length below, all samples were transparent.  
 
 
 
123 
 
Table 4.10:  Variations and post-firing observations of silica-only sol-gel samples produced 
via base catalysis methods. 
Sample Other Notes 
Firing 
Conditions 
Color Cracks 
Piece 
Size 
B1 
Soaked in 50/50 for 2 days 
after drying 1 hour. Soaked in 
pure EtOH for 2 days. 
625°C, 12 hr 
hold 
clear n/a 
small 
flakes 
B2 
Soaked in NH4OH for 2 days 
after air drying. 
625°C, 12 hr 
hold 
clear and 
black 
many small 
B3 
Soaked in NH4OH for 2 days 
after air drying 
625°C, 12 hr 
hold 
clear many small 
 
 
 
Figure 4.23: Image of sample B3, produced via base catalysis methods as described above.   
 
 Due to the small, granular and flaky nature of the samples produced (Figure 4.23), 
even prior to the inclusion of nanoparticles, none of these methods were deemed viable for 
future use compared to the acid catalysis methods studied.  Those samples were, at the very 
least, monolithic and transparent prior to the inclusion of nanoparticles.  Unlike the acid 
catalyzed glasses, samples produced using these two methods were unstable and cracked In 
addition, the ammonium hydroxide soak caused excess cracking to the point that pieces of 
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sample popped out of the glass petri dish.  The rapid change in pH led to a rapid change in 
surface tension, subsequently causing excessive capillary stresses within the system and near-
instantaneous crack formation.  In the case of sample B2 (Table 4.10), it is likely that the 
black regions within the sample are trapped volatiles, as the sample did not blacken until the 
firing process.  Often, in situations that have low levels of water, trapped volatiles burn off 
within the gel network and leave a black carbon residue. [4.1]  This problem can be alleviated 
by modifying the processing methods to produce a material with higher porosity, though this 
was not pursued in the scope of this work; not only did only one of the batches suffer this 
problem, but other methods were more promising thus rendering this approach unnecessary.   
 
Y2O3 Nanoparticle Gels 
The samples in this group were produced according to the procedures outlined in 
the experimental section.  A solution containing Eu:Y2O3 particles was prepared using 
ammonium hydroxide and deionized water.  Once the initial solution was prepared, the pH 
was monitored and adjusted by the addition of deionized water to a final pH of 
approximately 11.0 (except where noted).  This solution was then added to the clear TEOS 
solution.  When the particle solution was added to the TEOS solution, the measured 
temperature of the solution decreased momentarily from 50˚C to 30˚C, before increasing.  
As it heated up, the solution began to thicken at around 40˚C, or the gel point.  It was at the 
point that the solution began to thicken that it was immediately cast into a glass petri dish.  
All of the samples in this group were calcined at 1000˚C, with a three hour hold and were 
dried without any vacuum.  Further variations are outlined in Table 4.11.   
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Table 4.11:  Table of variations and post-firing observations for sol-gel samples produced 
via base catalysis containing Eu:Y2O3 nanoparticles.   
Sample 
Other 
Notes 
mL 
H2O 
Air dry 
time 
Oven 
dry time 
Opacity Cracks 
Piece 
Size 
BY1 pH 11.03 76.5 1 week 6 days opaque some 
medium
-large 
BY2 pH 11.03 76.5 10 days 6 days opaque some 
medium
-large 
BY3 
pH not 
monitored 
76.5 10 days 6 days 
semi-
opaque 
none settled 
BY4 
Pieces 
remaining 
after casting 
BY3 
76.5 10 days none opaque yes 
small 
granules 
BY5 pH 10.03 118 6 days 6 days opaque n/a large 
BY6 pH 10.07 118 3 days 9 days opaque some 
medium
-large 
BY7 pH 11.08 58 6 days 12 days opaque some 
medium
-large 
 
 
In the case of sample BY3 and BY4, instead of monitoring the pH, the same volume 
of water that had been added for sample BY1 was added directly.  As the particles settled 
during gelling, it can be assumed that the actual pH of the sample was much lower than the 
desired pH.  It is likely that the same volume would have been sufficient, but that sufficient 
stir time to balance the pH was not allowed.  In the case of sample BY5, a slightly lower pH 
was tested in comparison with sample BY1.   
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Figure 4.24: Image of sample BY1 (left), prepared with a solution pH of 11.03 and sample 
BY6 (right), prepared with a solution pH of 10.07. 
 
 Images of samples BY1 and BY6 are given in Figure 4.24, and are representative of 
the samples produced in this group.  As can be seen in the figure, the samples are monolithic 
and crack-free, though irregularly shaped.  Irregular shaping is due, not to the initial mold of 
the sample, but due to the formation of cracks during the drying process.  This is the case 
with all of the samples produced so far.  The irregular pieces are the large pieces that survive 
the gel-to-glass transition intact.  Sample BY6 is of an even thickness (approximately 2-3 
mm), and sample BY1 is fairly consistent in thickness.  Slight inconsistencies in the thickness 
of BY1 are due to the rapid gelation that occurs during casting of the sample.  This issue can 
be easily controlled through better monitoring of the gelation and temperature of the sol 
during the transition.  It also appears that the samples are completely homogeneous.  In 
comparison, sample BY3 is shown in Figure 4.25.  Homogeneity of successfully prepared 
samples were confirmed via SEM and EDX analysis.   
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Figure 4.25:  Image of sample BY3, top (left) and bottom (right), showing the settling of 
particles during gelation. 
 
 
Figure 4.26: a) Scanning electron microscope image of polished sample BY2.  EDX 
mapping of elements present in the SEM image region: b) yttrium, c) silicon, and d) oxygen.   
a b 
c d 
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 As shown in Figure 4.26, the particles introduced into the sol-gel via base catalysis 
remain intact after processing (a).  In addition, it can be seen that no yttrium appears outside 
of the particle regions (b) and no silicon appears where particles are located.  This indicates 
that there has been little to no diffusion between the nanoparticles and the surrounding 
matrix.  No oxygen is shown in the regions where yttrium is shown (d); however, this is due 
to the software’s averaging and not to the absence of oxygen.  Rather than simply placing a 
point at any place it identifies an element, the software averages that point with the 
occurrence of noise at the same point.  Further confirmation that the particles are crystalline 
and have not reacted with the surrounding environment comes in the form of the XRD 
results given in Figure 4.27.   
 
Figure 4.27: XRD spectrum of sample BY1.  Peaks marked with a circle were identified 
using the Y2O3 diffraction standard. [4.22]  Red stars indicate peaks due to the aluminum 
sample holder. [4.34]   
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Looking past the two peaks that are due to the sample holder, the remaining peaks 
are a clear match to cubic crystalline Y2O3. [4.22]  Unlike the samples produced via acid 
catalysis with the same nanoparticles, these particles remained intact through processing.  
This supports our theory that no particles have reacted to form yttrium silicate phases, nor 
has any diffusion taken place within the system to the same end.  From this conclusion, we 
propose the structure illustrated in Figure 4.28 for our composite material.   
 
 
Figure 4.28: Illustration of gel network doped with nanoparticles. Figure adapted from 
Reference 4.53. 
 
It would appear from the data available currently that no interaction has occurred 
between the silica and the yttria within the course of the sol-to-gel-to-glass process.  We 
propose that particles are not bonded to the silica matrix, but are rather simply seated in void 
regions within the structure as illustrated in Figure 4.28. [4.53]   
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Figure 4.29: Emission spectrum of sample B1 (left), sol-gel sample produced via base 
catalysis and containing Eu:Y2O3 nanoparticles.  Excitation wavelength is 254 nm.  For 
comparison, the emission spectrum of the original particles is given (right). 
 
 The emission spectrum, given in Figure 4.29, shows a peak at 611, indicating the 
5D0
7F2 transition of Eu
3+.  This peak location for Eu:Y2O3 has been demonstrated in 
previous work as well as in chapter 3. [4.40-42]  The angled slope is consistent with surface 
hydrogen features in silica, in addition to a great deal of scattering. [4.54]  As the sloped band 
masks the lower-order peaks, the hypersensitivity ratio cannot be calculated in this instance.   
 
4.4 YAG Composite Synthesis Methods 
 As with composites produced containing Y2O3, two different means of producing 
sol-gel composites containing YAG will now be discussed.  First, we will pursue the 
synthesis via acid catalysis of sol-gel composite.  Then we will examine samples produced via 
base catalysis.  Methods for both systems are described here.   
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Acid Catalysis 
Samples were produced using a solution consisting of tetraethylorthosilicate (TEOS, 
Acros Organic, 98%), deionized water, and hydrochloric acid solution (Fluka, 4.0 M).  The 
solution was heated, while stirring, to 50˚C.  Once that temperature was reached, stirring was 
continued until a clear sol had formed.  The sol was then stirred at 50˚C for another 10 
minutes before being cast into a glass petri dish for gelation.  Samples were left to gel and air 
dry, covered, for two weeks.  They were then placed in a drying oven at 60˚C for three days 
under vacuum.  The drying oven temperature is constantly kept at 60˚C.  This temperature 
can be assumed for any mention of the drying oven being used.  Once completely dried, 
samples were fired according to the following schedule.   
• Ramp at 1˚C/minute to 1000˚C 
• Hold at 1000˚C for three hours 
• Ramp at 30˚C/minute to room temperature. 
Except where otherwise noted, all samples were fired in air in an alumina crucible.  
Any YAG nanoparticle addition occurred at the point the TEOS solution became clear in 
the form of a solution containing a 50/50 mixture of deionized water and ethanol (200 
proof).  This solution was prepared separately then poured into the TEOS solution.  
Modifications to these methods were made as necessary to produce the desired resulting 
gels.   
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Base Catalysis 
A solution containing YAG nanoparticles was prepared using ammonium hydroxide 
(BDH, 20-30%) and deionized water.  Once the initial solution was prepared, the pH was 
monitored and adjusted by the addition of deionized water to the desired final pH.  This 
solution was then added to the same clear TEOS solution described for acid catalysis.  When 
the particle solution was added to the TEOS solution, the measured temperature of the 
solution decreased momentarily from 50˚C to 30˚C, before increasing again.  As it heated, 
the solution began to thicken at around 40˚C.  It was at the point that the solution began to 
thicken that it was immediately cast into a glass petri dish.  Samples were air dried at varying 
times, then placed in a drying oven for six days.  Finally, samples were calcined according to 
the same schedule used for acid catalyzed samples.   
It should be noted that, for acid and base catalysis, air drying time was varied 
depending on the behavior of the gel sample.  If the material began to pull away from the 
edges of the petri dish or if cracks began to form, samples were moved to the drying oven 
early.  Conversely, if samples appeared to still be wet, they were allowed to air dry for a 
longer period of time.  These observations account for some variations in air drying time 
that will be noted in the following section.   
Samples were analyzed using XRD, TEM, and photoluminescence techniques as 
outlined in previous chapters.  XRD measurements of sol-gel composites were taken over 
the range of 15-65 degrees (2θ) at a rate of 1 degree per minute with a 10mm slit.  This 
change in measurement range from the nanoparticles is due to the presence of a peak from 
silica in the low 2θ region.   
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4.5 YAG Sol-Gel Composite Results and Discussion 
Acid Catalysis 
 The production of YAG composites via sol-gel was first pursued using acid catalysis 
methods.  Both samples in this group were cast to gel rather than stirring until gelation was 
complete.  In addition, they were both fired at 1000˚C for three hours.  Samples were yellow 
in color due to the presence of trivalent cerium in the system.  Variations in the synthesis 
and final appearance of the sol-gel composites are given in Table 4.12.   
 
Table 4.12: Table of sample variations and post-firing observations of sol-gel samples 
produced via acid catalysis and containing YAG nanoparticles.   
Sample 
Air dry 
time 
Oven 
dry time 
Color Opacity Piece Size Other 
AG1 17 days 2 days yellow opaque 
small crumbly 
grains 
not 
homogeneous 
AG2 5 days 4 days yellow opaque 
small crumbly 
grains 
not 
homogeneous 
 
 XRD measurements were performed on both samples in this group.  The spectrum 
of sample AG2, given in Figure 4.30, is representative of both samples.  Although the XRD 
results indicate the presence of crystalline YAG within the system, the sample was 
inhomogeneous (Table 4.12). [4.55]  As mentioned previously, we use the term 
homogeneous here to indicate the dispersion of particles within the composite.   
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Figure 4.30: XRD spectrum of sample AG2, acid-catalyzed Ce:YAG nanoparticle sol-gel 
composite.  
 
Due to nanoparticle settling during the sol-to-gel transition, the final product 
consisted of clumps of YAG particles on the bottom and glassy material on the top.  
Because the nanoparticles were not fully incorporated into the system, the YAG had no 
opportunity to react with the sol-gel matrix; however, our goal was to produce a composite 
with evenly dispersed nanoparticles throughout.  This inhomogeneity can be observed in 
Figure 4.31, where the brighter yellow pieces are clumps of YAG particles.   
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Figure 4.31: Image of sample AG2, sol-gel composite produced via acid catalysis containing 
Ce:YAG nanoparticles.  
 
 Due to difficulties in producing a homogeneous composite with Ce:YAG by the acid 
catalysis method, no attempt was made to produce Ca,Cr:YAG composite using this route.   
 
pH Stability study 
 Since a pH study of yttria particles had been performed with success, the same was 
repeated for the YAG particles.  It had been observed, as with the sample in Figure 4.31, 
that YAG nanoparticles did not suspend well in the selected liquid medium and settled 
quickly, even while being stirred.  In contrast with the Y2O3 nanoparticles, no evidence of 
dissolution in the acidic environment was observed in the XRD spectrum of the YAG 
particles (Figure 4.30).  Given these observations, the stability of YAG nanoparticles in 
suspension was examined with respect to pH in order to produce stable suspensions for the 
synthesis of homogeneous sol-gel  
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A suspension containing 0.1g of nanoparticles was produced, with 8mL of NH4OH 
and 20mL of de-ionized water.  The suspension was stirred until all particles were in 
suspension.  The initial pH was determined, then the stirring was stopped and the 
suspension was allowed to rest for five minutes.  The stability of the suspension was 
observed, then de-ionized water was added and the process repeated.  Amount of water 
added was chosen arbitrarily, but kept consistent between the two studies.   
 
Table 4.13: Table of stability of Ce:YAG in suspension with respect to pH. 
Total mL 
H2O 
pH Stability while stirring 
Stability after resting 
(5 minutes) 
0 11.86 
suspended (took 10 minutes 
of stirring) 
partially settled 
10 11.53 suspended fully settled 
 
 
It was observed that the Ce:YAG became unstable very quickly upon reduction of 
pH (Table 4.13).  Based on these observations, it was determined that no further water 
should be added.   
As with yttria, we investigated the reported zeta potential of YAG with respect to 
pH. [4.49, 4.56-58]  Nanoparticles prepared via different methods were reported to be stable 
at higher pH (> approximately 9.5), in direct contrast with the reported values for yttria.  As 
the yttria and YAG nanoparticles behaved similarly in solvents, neither composition 
remaining in suspension, it was believed that their behavior with respect to pH would be 
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somewhat similar.  As our YAG particles are more stable at a higher pH and are synthesized 
in a different manner than the particles in the examined literature, it is likely that the zeta 
potential of our particles with respect to pH differs from that of the literature.  
Measurements of the zeta potential of our own particles with respect to pH would be 
necessary to accurately confirm our observations.   
 
Base Catalysis 
 Based on the observations made regarding the stability of YAG nanoparticles in a 
solution of ammonium hydroxide and water, sol-gel composites were produced using the 
same synthesis methods as were previously applied to Eu:Y2O3 nanoparticles.  Variations of 
the initial methods are given in Table 4.14.  All samples were fired at 1000˚C in air for three 
hours in an alumina crucible.  Each of the composites was prepared via the methods given in 
the experimental procedures, with the exception of sample BG3, which was poured prior to 
the beginning of gelation.  It was observed that the sample solidified very quickly and 
retained homogeneity.  All samples appeared homogeneous and opaque upon firing.  
Samples BG1 and BG2 were prepared using the final solutions from the pH study.  Because 
of the volume of ammonium hydroxide present, these two samples (BG1 and BG2) gelled 
very quickly.  The rapid change in pH caused accelerated condensation, thus speeding the 
sol-to-gel transition.  Subsequent samples were prepared with a lower pH in order to 
maintain control over the casting process.   
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Table 4.14: Table of sample variations and post-firing observations for Ce:YAG and YAG 
nanoparticle sol-gel composites.  
Sample Particle pH 
Air dry 
time 
Oven 
dry 
time 
Color Cracks 
Piece 
Size 
BG1 Ce:YAG 11.57 6 days 4 days yellow very few 
medium
-large 
BG2 YAG 11.73 2 days 4 days  none 
medium
-large 
BG3 YAG 11.08 5 days 2 days  none 
medium
-large 
BG4 YAG 11.08 3 days 4 days  none 
medium
-large 
 
 
 As can be seen in Figure 4.32, the sol-gel composites produced with Ce:YAG 
nanoparticles were slightly yellow in appearance.  They were opaque, but visual inspection 
indicated excellent particle dispersion especially as compared to the samples produced 
previously via acid catalysis.   
 
 
Figure 4.32: Image of sample BG1, Ce:YAG nanoparticle doped sol-gel composite. 
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 Ce:YAG composite samples were examined via XRD (Figure 4.33).  It was observed 
that the primary peak corresponding to the garnet structure remained visible in the emission 
spectrum after sol-gel processing. [4.55]  Although masked by the noise and broad peak 
from the non-crystalline matrix, some of the other primary peaks of crystalline YAG are 
faintly discernible.  The faintness of the YAG peaks with respect to the amorphous band is 
due to a decrease in particle loading between the acid and base catalysis methods.  Where the 
acid catalyzed samples were prepared with a nanoparticle to TEOS mass ratio of 1:20, base 
catalyzed samples were produced with a mass ratio of approximately 1:200.   
 
Figure 4.33: XRD spectrum of Ce:YAG sol-gel composite sample BG1.  Peaks indicated 
correspond with the diffraction standard for YAG. [4.55]  
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Figure 4.34: Photoluminescence spectra of Ce:YAG sol-gel composite, emission (dashed 
line, λex=449 nm) and excitation (solid line, λem=530 nm). 
 
Photoluminescence spectra were also obtained for the Ce:YAG sol-gel composites.  
As can be seen in Figure 4.34, the spectroscopic properties of the as-prepared Ce:YAG 
nanoparticles are retained through sol-gel processing.  The emission spectrum is indicated by 
the dashed line; when excited at 449 nm, the composite exhibits a broad emission band 
centered at 530 nm indicative of the 5d (2D5/2)4f (
2F5/2,
2F7/2) transitions of Ce
3+.  As with 
the nanoparticles alone, the emission is consistent with literature.  [4.59-61]  As with the 
original nanoparticles, we see here the splitting of the 4f ground state due, as before, to the 
crystal field of the YAG. [4.49, 4.59, 4.61-62]  An excitation spectrum was also obtained, 
using an emission wavelength of 530 nm.  The major excitation peak was centered at 449 
nm, which falls within the operating range of commercially used blue LEDs for white light 
generation. [4.49, 4.59]  Along with a minor excitation peak located at approximately 340 
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nm, these two peaks are indicative of the 4f splitting of the Ce3+ ground state.  In order to 
compare the emission of the initial particles with the composite, the two spectra were 
normalized (to their maxima) and overlaid as shown in Figure 4.35.  As can be seen, only a 
slight blue shift and broadening was observed from the powder to the composite.  Since the 
powder used in the composite is the same as the original powder and the scan parameters 
are the same, it can be concluded that the very slight changes are due to minute changes in 
the YAG nanoparticles from having been heated a second time during composite synthesis.  
An additional heat-treatment was performed in order to determine whether the material is 
stable at higher temperatures than the current state of the art.  The sample was heated to 
1000ºC and held for three hours; the emission spectrum of the re-heated sample is shown in 
red in Figure 4.35.  As can be seen, the second heat-treatment has no effect on the optical 
properties of the composite.   
 
Figure 4.35: Emission spectra of as-prepared Ce:YAG nanoparticles (dashed line) and 
Ce:YAG sol-gel composite (solid line), normalized to the peak maximum for comparison.  
The red line indicates the emission spectrum of the sample subjected to a second heat 
treatment.   
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As these samples are being prepared for WLED applications, we endeavored to 
identify the color coordinates for the sample’s emission on the CIE 1931 diagram.  The 
system was established by the International Commission on Illumination (CIE, Commission 
Internationale de L’Eclairage) as a means of quantifying a single color value for the emission 
spectra given in Figure 4.34. [4.63-64]  Three integrals,  
              (4.3) 
               (4.4) 
               (4.5) 
allow us to determine what are known as the tristimulus values (X, Y, and Z). [4.63-64]  In 
these equations x̄(λ), ȳ(λ), and z̄(λ) represent what are known as the color matching 
functions, which represent the three primary colors: blue, green, and red, respectively.  The 
color matching functions used in the calculation of values are from the standard CIE S 001. 
[4.64]  From these values, we can calculate the x and y coordinates in CIE space via the 
following equations: [4.63-64] 
                 (4.6) 
                (4.7). 
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These x and y coordinates can then be plotted as shown in Figure 4.36.  In the case 
of WLED applications, it is our hope that our Ce:YAG composite will emit in the yellow 
region so that the combination of its emission with that of the commercial blue LED will fall 
within the white region at the center of the CIE space. [4.65-66]  The (x, y) coordinates for 
the Ce:YAG sol-gel composite were (0.372, 0.403),differing negligibly from the values 
calculated for the original particles, (0.374, 0.406).  As seen in the figure, the two points 
overlap almost completely and generally fall within the yellow region.  This very small shift, 
however, is consistent with the slight changes in the emission spectrum seen previously.   
 
Figure 4.36: Color coordinates for sol-gel composite (orange point) produced with Ce:YAG 
nanoparticles and original powder (pink point) plotted in the CIE 1931 color space (left).  
Blue point indicates the color coordinate for InGaN LED emitting at 440 nm. [4.66]  The 
green point is the coordinate value for a commercial YAG phosphor.  CIE 1931 diagram 
(right) given for comparison.  Figure on right adapted from Reference 4.67.   
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 The blue point shown in the figure indicates commercial blue LEDs emitting at 440 
nm. [4.68]  The calculated coordinates were compared with values from literature as well as 
the values available for commercial Ce:YAG phosphor. [4.60, 4.68]  The coordinate values 
for our samples were found to be comparable with those of Ce:YAG transparent ceramics. 
[4.60]  The reported values for a commercial Ce:YAG phosphor were reported to be 
approximately (0.44, 0.54), shown in as the green point in Figure 4.36. [4.68]  In comparison 
to our materials, the commercial phosphor falls along the same line through the center white 
region as our data points, except that ours lie closer to the center of the diagram (less 
saturated).    
 Samples are not transparent, which can be attributed to a common issue in the 
manufacture of composites of sol-gel and fibers. [4.1]  Inclusions such as particles within the 
silica matrix lead to trapped pores and cause irregularities in the structure and lead to 
scattering.  As the material condenses, these trapped voids also lead to weaknesses and crack 
formation.  Particle size also plays a role in the transparency of the material, giving rise to 
scattering. [4.34]   
 
4.6 CONCLUSIONS 
We have successfully developed optically active nanocomposite monoliths via two 
different sol-gel methods and using multiple nanoparticle compositions.   
Using fluoride-based nanoparticles, we have demonstrated that yttria-doped sol-gel 
composites can be produced via acid catalysis.  Additionally, it has been shown that 
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oxidation of the fluoride nanoparticles can take place within the matrix of a silica sol-gel, 
resulting in an Eu:Y2O3-doped composite material.  We have successfully demonstrated the 
emission of the nanoparticles in the composite and shown that it is comparable to that of as-
prepared Y2O3 nanoparticles.  This can be seen particularly through the comparison of the 
hypersensitivity ratios of the spectra.  Furthermore, XRD results demonstrate that no 
reaction between the silica matrix and the fluoride nanoparticle takes place during processing 
and the oxidation of the particles as no silicate peaks were identified.  Emission spectra have 
also been useful in confirming a difference in symmetry between doping sites in yttrium 
oxide and yttrium fluoride structures.   
Through base catalysis, we have successfully incorporated Eu:Y2O3 nanoparticles and 
Ce:YAG nanoparticles directly into silica sol-gel matrices.  It has been demonstrated that, 
through careful control of the pH, a stable suspension can be prepared that enables the 
synthesis of sol-gel composites containing yttrium-based oxide nanoparticles.  We have 
demonstrated that this method allows even dispersion of the particles within the composite 
matrix.  Through this method, we have also been able to see a decrease in gel time 
corresponding to an increase in pH.  
It has been demonstrated that acid catalysis caused the degradation of Eu:Y2O3 
nanoparticles during synthesis, a problem which was prevented by the use of base catalysis 
methods.  These base-catalyzed yttria nanocomposites have been proven to be optically 
active following gel-to-glass transition.  In addition to demonstrating the optical activity of 
our Ce:YAG nanocomposites, we have calculated the color coordinates for these emssions.  
Upon plotting these coordinates, we have demonstrated that our samples are comparable to 
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commercially used Ce:YAG phosphor.  We also have successfully shown that there is only 
negligible change in the color coordinates of the Ce:YAG nanoparticles after incorporation 
into the silica sol-gel matrix, indicating that the composite matrix has little-to-no effect on 
the optical properties of the YAG nanoparticle.   
Finally, based on our results, we have proposed a theory regarding the interaction of 
the silica matrix and the nanoparticles.  We would suggest that, instead of being bonded with 
the sol-gel network, our nanoparticles are seated within void space within the network (see 
Figure 4.28).  As discussed, there are no yttrium silicate peaks present in the XRD results for 
the fluoride-based acid-catalyzed composite, the base-catalyzed yttria composite, or the base-
catalyzed YAG composite.  These three compositions are considered to be the successful 
monolithic samples produced in this study.  If bonding occurred within the composites 
between the network and the nanoparticles, one would expect there to be evidence of 
yttrium silicate in the XRD results.  Of particular importance in this theory is that the 
fluoride particles successfully converted to yttria and showed no evidence of yttrium silicate 
peaks.  In support of this evidence is the EDX mapping of the base-catalyzed yttria 
composite, given in Figure 4.26, which indicates no diffusion between the yttria 
nanoparticles and the silica matrix.   
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CHAPTER 5 
CONCLUSIONS 
 
5.1 Conclusions 
The intent of this work was to develop a novel nanoparticle-doped composite via 
sol-gel methods and using yttrium-based optical materials.  Our primary focus was to 
develop these materials for lighting and display use.  Of particular interest was the use of the 
Ce:YAG for WLED applications, as the current commercial materials are silicone resin-
based, as opposed to our inorganic medium, and are thus susceptible to thermal degradation 
over the lifetime of the diode. [5.1-3]  Yttria composites were also prepared, of interest for 
the versatility of Eu:Y2O3 in lighting and displays and the other applications discussed in 
Chapter 1.   
The synthesis of light-emitting yttria (Y2O3) and YAG (Y3Al5O12) nanoparticles were 
thoroughly studied as were their incorporation into silica-based composites via sol-gel 
processes. As the aim of this dissertation was to employ said particles in a novel all-inorganic 
composite for lighting applications, we chose to assess nanoparticles according to the 
following criteria: 
5) Particles need to be able to suspend in a solvent. 
6) Particles should be of a relatively small particle size (approximately 20-100 
nm). 
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7) Particles need to not be agglommerated. 
8) Particles need to be optically active.  
We compared the suitability of each nanoparticle composition with respect to these 
criteria, beginning with the ability to suspend the particles in solvent.  Fluoride-based Eu-
doped nanoparticles were prepared via solution precipitation.  It was demonstrated using 
XRD that these particles could be converted to Y2O3 upon heat treatment at the 
temperatures used for sol-gel processing.  Dried fluoride-based particles were tested in water, 
ethanol, and methanol, and found to be easily suspended.  YAG and yttria particles were 
suspended in water and in ethanol by stirring, but settled quickly when left to rest.  Based on 
this criterion alone, the fluoride based particles were deemed suitable for incorporation into 
sol-gel. 
 Yttria produced via hydroxide precipitation was shown to have an average particle 
size of 50-100 nm based on XRD and TEM.  Fluoride-based particles had a particle size of 
30-100 nm.  YAG particles had an estimated average particle size of 40-100 nm.  As shown 
by these ranges, all particles prepared for this study have a broad size distribution.  
Agglomeration appeared to be relatively low for all compositions; viewed only through 
TEM, no direct conclusions can be made regarding agglomeration.  All particles to be 
incorporated into composite materials were shown to have particle sizes within the 
acceptable range, selected as it is reported to reduce the occurrence of scattering, at least 
somewhat.   
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 The emission of trivalent europium from the fluoride-based particles was 
demonstrated for materials that had not been heat treated.  Eu:Y2O3 and Ce:YAG 
nanoparticle emissions were presented.  For the Eu:Yttria nanoparticles, the emission at 611 
nm was consistent with reported emission from literature as was the hypersensitivity ratio, 
used to demonstrate asymmetry of the substitution site.  The complexity of the YAG crystal 
leads to difficulty in producing pure material.  We demonstrated the quality of the Ce:YAG 
nanoparticles for white light applications by plotting the coordinates in CIE space, and we 
demonstrated optical performance of this composition on par with the current art.  The 
presence of Cr4+ IR emission in addition to the Cr3+ allowed us to demonstrate the quality of 
the YAG nanoparticles.  By attaining the Cr4+ emission and not the Cr6+ emission (as can be 
seen with slight variations in the Ca content), we have shown an ability to manage the 
composition well.   
 Once these nanoparticle compositions had been assessed for the purpose of 
incorporation into a sol-gel composite, we first began to prepare these composite materials 
by producing undoped bulk sol-gel material.  We were able to produce transparent, 
monolithic, crack-free silica sol-gel via acid catalysis, and thus chose to pursue this route with 
our nanoparticle-doped composites.  We successfully produced Eu:Y2O3-doped glasses by 
incorporating the as-prepared fluoride-based nanoparticles into the gel system  Using 
fluoride-based nanoparticles as routes to controlled oxide nanoparticle and composite 
formation, we produced yttria-doped sol-gel composites via acid catalysis.  We showed 
successful oxidation of fluoride nanoparticles within the matrix of a silica sol-gel, resulting in 
an Eu:Y2O3-doped composite material.  We demonstrated emission of converted fluoride 
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nanoparticles in the composite comparable to that of as-prepared Eu:Y2O3 nanoparticles.  
XRD results showed no reaction between the silica matrix and the fluoride nanoparticle 
during processing.   
For as-prepared Eu:Y2O3 nanoparticles, it was found that the acidity of the catalysis 
method (pH<1.0) led to the degradation of the nanoparticles, as demonstrated by XRD 
results.  Additionally, these particles and the Ce:YAG both settled out of suspension before 
the sol-to-gel transition.  A study was done to examine the suspension of these two 
compositions in water and ammonium hydroxide with respect to pH, and it was found that 
both were stable at in a pH range of 10-11.  Through control of pH, a stable suspension can 
be prepared, enabling synthesis of composites containing Eu:Y2O3 and Ce:YAG 
nanoparticles via base catalysis.  Through base catalysis, we successfully incorporated both 
Eu:Y2O3 nanoparticles and Ce:YAG nanoparticles into separate silica sol-gel matrices.  We 
demonstrated that this method allows even dispersion of particles within the composite 
matrix.  Both base-catalyzed nanocomposites have been shown to retain optical activity 
following the gel-to-glass transition.   
Through XRD, we demonstrated that the Eu:Y2O3 particles remain intact at this 
much higher pH.  We demonstrated that the 611 nm emission remains intact, but that the 
lower order emissions are masked by scattering, likely due to the sol-gel network, preventing 
comparison of the composite’s emissions with the initial nanoparticle results.   
Ce:YAG nanocomposites also retained optical activity following sol-gel processing 
and heat treatment.  The resultant CIE color coordinates for Ce:YAG composites were 
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comparability to commercially used Ce:YAG phosphor.  We have shown negligible change 
in the color coordinates of the Ce:YAG nanoparticles after incorporation into the silica sol-
gel matrix, indicating that the composite matrix has little-to-no impact on the optical 
properties of the YAG nanoparticle.   
We proposed a theory regarding interaction of the silica matrix and the 
nanoparticles.  We suggest that our nanoparticles are seated within void space within the 
network (see Figure 4.27).  There are no yttrium silicate peaks present in the XRD for the 
fluoride-based acid-catalyzed composite, the base-catalyzed yttria composite, or the base-
catalyzed YAG composite.  If bonding occurred within the composites between the network 
and the nanoparticles, one would expect there to be evidence of yttrium silicate in the XRD 
results.  Also, fluoride particles successfully converted to yttria and showed no evidence of 
yttrium silicate peaks, further supporting this theory.   
 
5.2 Contribution to the State of Knowledge 
 We have successfully developed and characterized novel light-emitting composites 
consisting of Ce:YAG or Eu:Y2O3 nanoparticles in an inorganic medium.  It has been shown 
that the optical properties of the nanoparticles are maintained when incorporated into the 
sol-gel medium.  Also, we have demonstrated the comparability of this composite’s optical 
properties with the current state of the art.  By incorporating these nanoparticles into a silica 
medium, we have improved on the thermal stability of the current design involving a 
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polymer resin.  Where current optical silicone resins are stable up to approximately 200ºC, 
our materials have already been processed at 1000ºC.   
 We have successfully demonstrated the conversion of fluoride particles into Y2O3 
during sol-gel processing.  This occurred without the formation of any silicates, thus 
indicating that no reaction occurred with the sol-gel medium during this process.  Also, we 
demonstrated that this composite possessed optical properties on par with that of the as-
prepared yttria nanoparticles.   
 This work has demonstrated the successful development of multiple means of 
achieving a sol-gel based composite.  Through both base- and acid-catalysis, we have 
produced optically active nanoparticle doped sol-gel composites.  Additionally, by producing 
samples using differing nanoparticle compositions, we have developed an understanding of 
the methods of production and the effects of the nanoparticles on both the methods and the 
finished sol-gel.   
 We successfully developed optically active nanocomposite monoliths via two sol-gel 
synthetic methods and with multiple nanoparticle compositions.  By demonstrating the 
optical activity of the finished composites, we have gained insight into the effect of the host 
material and processing on the nanoparticles that are being incorporated.  Our results 
indicate that there is no detrimental effect on the optical properties of the nanoparticles 
upon incorporation into the sol-gel matrix.   
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CHAPTER 6 
FUTURE WORK 
 
 This work has demonstrated a viable method for the manufacture of composites 
consisting of optically active materials in an inorganic matrix.  Now that the process has 
been demonstrated for the synthesis of these bulk materials, we believe that further focus 
should be placed on optimization of this process.   
Transparency of the final material was a step that was not pursued because it is not a 
prerequisite for phosphor-based lighting applications where light scattering (of the pump) 
promotes better CIE coordinates for white. Additionally, scattering facilitates a more even 
angular distribution for the emitted light.  Moving forward, for other applications such as the 
low power lasers and amplifiers (possibly nanoparticle/polymeric composite amplifiers for 
polymer optical fiber applications) transparency is critical and so modifications to the 
process to decrease the porosity of the final material should result in a greater degree of 
transparency.  Further study to understand the particle-matrix interaction and the finished 
internal network would be beneficial for improving the composite transparency as well.  
Gaining insight into the finished particle size of the fluoride particles after they oxidize 
within the network would also help to confirm that the network inhibits their growth as they 
oxidize.   
Additionally, further control of the final shape should be pursued.  The current 
materials, though bulk materials, have not been cut, polished, or otherwise modified to 
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prepare specific shapes.  Study should be done of the current materials to examine how well 
they behave under such conditions; alternatively, molding of specific sizes and shapes should 
be pursued.   
Now that bulk materials have been demonstrated, investigation should be made into 
the use of this method to prepare doped inorganic thin films and coatings.   
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APPENDIX A 
UREA-BASED HOMOGENEOUS PRECIPITATION 
 
A.1 Synthesis 
Y2O3 nanoparticles were produced via homogeneous precipitation. This particular 
method was investigated to determine if there was a means of preparing Y2O3 particles that 
could be easily suspended in water or other liquid (such as ethanol or methanol), as it was 
found that the nitrate based particles did not suspend easily. A batch consisting of 0.005 mol 
Y(NO3)3, 0.108 mol urea and 200 mL water was prepared. Yttrium nitrate was dissolved in 
water and stirred until clear. Urea was then added and the solution stirred until clear. Once 
clear, the solution was heated to 85˚C in a water bath and stirred at that temperature for four 
hours. The final solution was then centrifuged to separate the particles from the remaining 
liquid. The liquid was poured off and the particles were washed two times with deionized 
water and two times with ethanol. Particles were dried for 24 hours in a vacuum oven at 
60˚C. Once dry, the particles were crushed with an Al2O3 mortar and pestle. They were then 
calcined in an Al2O3 crucible at 1000˚C for 2 hours, under a flow of oxygen. The resulting 
powders were characterized using X-ray diffraction measurements taken over the range of 
20-70 degrees (2θ) at a rate of 1 degree per minute with a 10mm slit.  
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A.2 Results 
 Nanoparticles produced via urea-based synthesis were found to have no 
distinguishable crystallinity.  XRD results are shown in Figure A.1.  XRD measurements 
were taken over the range of 20-70 degrees (2θ) at a rate of 1 degree per minute with a 
10mm slit. 
 
 
Figure A.1. X-ray diffraction pattern of urea-based Y2O3 particles (JCPDS card number 41-
1105).  
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APPENDIX B 
YTTRIUM SILICATE, Y2SiO5 (YSO), SYNTHESIS 
 
B.1 Sol-Gel Processing 
Yttrium silicate powder was produced using yttrium nitrate, cerium nitrate and 
tetraethoxysilan (TEOS) as precursor materials.  The ratio of Si to Y was varied between 2:1 
and 0.5:1, while the ratio of Y to Ce was held at 99:1.  Five total compositions were 
prepared: Si:Y ratios of 2:1, 1.2:1, 1:1, 0.8:1, and 0.5:1.  Samples were gelled at 40ºC.  The stir 
speed and gelation temperature were held constant; the gelation time varied with each batch 
depending on the ratio of Si:Y.  This was due mainly to the decrease in liquid that was 
brought on by a decrease in TEOS.  Samples were allowed to dry in atmosphere, at room 
temperature, for two days, then were dried at 50ºC in a vacuum oven with a flow of 
nitrogen.  Finally, the samples were preheated to 300ºC (ramp at 0.2ºC/minute) for 2 hours, 
then heated to 1300ºC (ramp at 1ºC/minute) for 4 hours.    
 
B.2 YSO Synthesis and Characterization 
All powders produced were characterized using the various techniques discussed in 
Chapter 2.  Each sample was examined using XRD to identify the crystalline phases present.  
It was expected that the phases present would vary, dependent on the Si:Y ratio of the 
sample.  Samples were produced using sol-gel methods, but crushed to obtain powder.   
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Variations in Composition 
In addition to the four initial sample variations, two samples were produced using 
Y(NO3)3 precursor with varied Si:Y ratios. Si:Y ratios of 0.8:1 and 0.5:1 were produced.  The 
method of producing these samples was also slightly varied.  The initial solution (also 
referred to as the TEOS solution) contained TEOS, deionized water, and hydrochloric acid 
solution (Fluka, 4.0 M).  The salt solution consisted of the Y(NO3)3 and a 50/50 mix of 
water and ethanol (200 proof).  Stir times and temperatures were not changed.  It was found 
that these samples off-gassed significantly, thus the calcination schedule was varied to 
account for this by the addition of a very slow ramp rate.  The temperature was ramped at a 
low rate of ~0.2˚C/minute to 300˚C, where it was held for 2 hours.  The temperature was 
then ramped up to 1300˚C at a rate of 1˚C/minute and held for four hours before cooling to 
room temperature.   
Samples with varied Si:Y ratios were also examined via XRD.  Powder diffraction of 
the sample with Si:Y ratio of 0.8:1 indicates the formation of multiple phases (Figure B.1).  
In addition to the cubic Y2O3 phase, fairly sharp crystalline peaks show the presence of 
yttrium silicate (Y2SiO5 or YSO).  In contrast to the previous sol-gel based powder samples, 
there appears to be no broad band indicative of amorphous SiO2 present in this sample.  It is 
likely that most SiO2 present has reacted to form crystalline YSO phase.  
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Figure B.1. X-ray diffraction pattern of powder produced via sol-gel methods with a Si:Y 
ratio of 0.8:1.  Orange markers indicate Y2O3 (JCPDS card # 41-1105) and green markers 
indicate yttrium silicate (Y2SiO5, JCPDS card # 36-1476). 
 
Powder diffraction of sample with Si:Y ratio of 0.5:1 shows the formation of 
crystalline Y2O3 (Figure B.2).  Weaker reflections of Y2SiO5 (YSO) crystalline peaks were 
also present.  As with the 0.8:1 ratio sample, there appears to be no broad band indicative of 
amorphous SiO2 present in this sample.   
167 
 
 
Figure B.2. X-ray diffraction pattern of powder produced via sol-gel methods with a Si:Y 
ratio of 0.8:1.  Orange markers indicate Y2O3 (JCPDS card # 41-1105) and green markers 
indicate yttrium silicate (Y2SiO5, JCPDS card # 36-1476). 
 
 It appears that a change in solvent facilitates the reaction of the yttrium precursor 
with the silicate network.  It is known that a change in the alkoxy group (i.e., from ethoxy to 
methoxy) causes a change in the rate of reaction within the system. [B.1]  The rate is known 
to decrease with decreasing alkoxy group size as there is a lower rate of exchange with the 
solvent.  This may account for the formation of crystalline phases in the system with yttrium 
nitrate.  In addition, an excessive firing temperature (300˚C higher than the initial samples) 
likely aided these reactions.  The x-ray diffraction spectra for all five compositions, calcined 
at 1300ºC is given in Figure B.3.  It can be seen that yttria peaks dominate the spectrum at 
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Si:Y ratios below 1:1, while at a ratio of 2:1 the spectra exhibits characteristic peaks of 
multiple silicate phases.   
 
Figure B.3: XRD spectra of all five Si:Y ratio samples, all fired at 1300ºC 
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Variations in Firing Temperatures 
 Comparisons were then made between firing temperatures for three separate Si:Y 
ratios.  First, the 2:1 ratio was examined, fired at 1450, 1300, and 1100ºC.  The XRD results 
are given in Figure B.4.  The yttrium silicate phase peaks increased with increasing firing 
temperature.   
 
Figure B.4: XRD spectra of samples with Si:Y ratio of 2:1, fired at three different 
temperatures, as indicated in the figure. 
 
 Samples with a 1.2:1 ratio of Si:Y were fired at 1100, 1300, 1450, and 1600ºC.  XRD 
spectra are given in Figure B.5.  It can be seen that certain phases increase in intensity at 
higher firing temperatures; however, it appears that there is no benefit of firing at 1600ºC.   
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Figure B.5: XRD spectra of samples with Si:Y ratio of 1.2:1, fired at three different 
temperatures, as indicated in the figure. 
 
 Samples with a 1:1 ratio of Si:Y were fired at 1100, 1300, 1450, and 1600ºC.  XRD 
spectra are given in Figure B.6.  It can be seen that certain phases increase in intensity at 
higher firing temperatures.  It appears that the presence of yttria dominates the system at 
higher firing temperatures.   
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Figure B.6: XRD spectra of samples with Si:Y ratio of 1:1, fired at three different 
temperatures, as indicated in the figure. 
  
172 
 
Photoluminescence Results 
Photoluminescence spectra were obtained for each of the samples produced, 
containing 1% cerium.  Figure B.7 contains spectra for all five compositions, all fired at 
1300ºC. 
 
Figure B.7: Emission spectra of all five compositions, fired at the same temperature.   
 
 Emission spectra were also obtained for the three compositions that were examined 
with respect to firing temperature.  A Si:Y ratio of 2:1 is given in Figure B.8, 1.2:1 is given in 
Figure B.9, and 1:1 is given in Figure B.10.  Samples show a slight dependence on firing 
temperature, though not consistently across the compositions.  This variation is attributed to 
the presence of different phases in each sample.   
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Figure B.8: Emission spectra of 2:1 ratio samples, fired at the varying temperatures.   
 
Figure B.9: Emission spectra of 1.2:1 ratio samples, fired at the varying temperatures.   
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Figure B.10: Emission spectra of 1:1 ratio samples, fired at the varying temperatures.   
 
 Additionally, we examined the photoluminescence intensity as a function of firing 
temperature.  The results are given in Figure B.11.  As mentioned, a slight trend can be 
observed, though this trend is dependent on the phases present.  For those samples which 
were shown via XRD to have a higher occurrence of yttrium silicate (black, red), it appears 
that the average emission intensity increases with firing temperature.  Beyond this, no other 
trends are observed.  A greater sample quantity would be necessary to draw more substantial 
conclusions; however, no further materials were produced due to difficulties in producing 
monolithic samples.  As part of the purpose of this work, attempts were made to produce 
cast monolithic sol-gels using these compositions.  No samples were successfully produced.  
It is likely that this is due to the low levels of TEOS in the system with respect to other 
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constituents.  It was observed that, for samples higher in Si (and, therefore, higher in 
TEOS), we were able to produce slightly larger pieces than with lower levels of Si, but that 
even these pieces were no more than 2-3 mm in any direction and were still mostly powdery.   
 
 
Figure B.11: Emission intensity as a function of composition and firing temperature.   
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APPENDIX C 
YTTRIA POWDER SYNTHESIS VIA SOL-GEL METHOD 
 
C.1 Synthesis 
The sol-gel approach involved the use of two different precursors to produce Y2O3 
powder via solution-gelation.  The goal of the comparison study provided in this Appendix 
was to determine which chemical precursor yields crystalline yttria in silica-based sol-gel after 
the calcination process is complete.  Along with the study of precursor materials, the firing 
atmosphere also will be examined.  Precursor materials selected to produce yttria in a silica 
sol-gel matrix were yttrium nitrate hexahydrate (Y(NO3)3*6H2O, Strem Chemical, 99.9%) 
and yttrium chloride hexahydrate (YCl3*6H2O, Acros Organic, 99.9%).  Two batches of sol-
gel produced using each precursor material were sintered using a consistent firing schedule 
(detailed below), with one batch of each composition being fired under atmospheric 
conditions, while the other batch was fired under a flow (approximately 4 liters per minute) 
of oxygen (Airgas, ultra high purity).  The four final products were Y(NO3)3 precursor fired 
under oxygen, Y(NO3)3 precursor fired in atmospheric conditions, YCl3 fired under oxygen, 
and YCl3 fired in atmospheric conditions.  These samples were produced with a Si:Y ratio of 
2:1.   
In order to produce these powders via sol-gel method, two solutions were produced.  
The first solution contained tetraethylorthosilicate (TEOS, Acros Organic, 98%), methanol 
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(Fisher Scientific, 99.9%), and dilute hydrochloric acid (Fluka, approximately 4.0 M).  This 
solution was heated to 60˚C and stirred until clear.  The second solution contained 
methanol, deionized water, and yttrium precursor (either Y(NO3)3 or  YCl3) and was stirred 
until completely dissolved and clear.  Once the TEOS solution was clear, the salt solution 
was added to the TEOS solution drop-wise.  The final solution was stirred at 60˚C until 
completely gelled.  The gelled sample was dried, partially covered in a fume hood, for 
approximately 12 hours. It was then crushed to form a powder.  Powder was calcined in an 
alumina (Al2O3) crucible at 150˚C for 2 hours, then at 1000˚C for 3 hours.  The final 
powders then were examined for the presence of crystalline yttria through the use of XRD.   
 
C.2 Results 
Powders obtained via the sol-gel route were characterized using XRD to determine 
the crystalline phases present.  XRD measurements were taken over the range of 20-70 
degrees (2θ) at a rate of 1 degree per minute with a 10mm slit.   
Powder samples prepared via solution-gelation and using yttrium nitrate precursor 
were found to be primarily not crystalline, regardless of firing atmosphere (Figure C.1).  
Broad bands observed indicate amorphous structures and are centered over the location of 
the primary peaks for both yttria and silica.   
 Based on the XRD results, it appeared that yttria was beginning to crystallize 
at the initial processing temperature.  In order to determine whether yttria could crystallize at 
a slightly higher calcination temperature, a new sample of the material produced via sol-gel 
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methods and using a yttrium nitrate precursor was prepared and calcined.  In this case, the 
temperature was raised to 1100˚C at a rate of 10˚C/minute and held for three hours before 
returning to room temperature.  This sample was then examined via XRD (Figure C.2).  
Results indicate that crystallization began to take place at higher firing temperatures. 
 
Figure C.1. X-ray diffraction patterns of powders produced using the solution-gelation 
method with yttrium nitrate precursor and calcined a) under oxygen flow and b) in 
atmosphere. 
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Figure C.2: XRD spectrum of powders produced via sol-gel method with yttrium nitrate 
precursor and calcined at 1100˚C for three hours.  
 
Conversely, XRD spectra of those powder samples that were prepared using yttrium 
chloride precursor indicates the presence of crystalline Y2O3, as well as a small broad band, 
likely indicating presence of amorphous SiO2 (Figure C.3).  Crystal diffraction patterns were 
matched to JCPDS card # 41-1105, indicating that the phase produced is cubic yttria.   
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Figure C.3. X-ray diffraction patterns of powders produced using the solution-gelation 
method with yttrium chloride precursor and calcined a) under oxygen flow and b) in 
atmosphere. 
 
 
